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FEATURES OF A VICTORIAN LIMESTONE COASTLINE 


GEORGE BAKER 
University of Melbourne, Australia 


INTRODUCTION 
The limestone coastline studied is that 
of Port Campbell, on the southwest coast 
of Victoria, Australia, about halfway be- 


township situated centrally on latitude 
38°37’ S. and longitude 142°59’ E. 

Port Campbell harbor (Fig. 4) opens di- 
rectly to the southwest and is the only 
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tween Cape Otway and Warrnambool. 
The area embraces the southern portions 
of the parishes of Narrawaturk, Paaratte, 
Waarre, and Latrobe in the county of 
Heytesbury and stretches from Peterbor- 
ough in the west to Princetown in the 
southeast (Fig. 3), with Port Campbell 





1.—Outline map of Victoria, showing the position of the area studied and neighboring localities 


anchorage between Cape Otway and 
Warrnambool. The tides and tidal 
streams are greatly influenced by the 


* Certain features of the Port Campbell coastline 
were described by J. T. Jutson in 1927 (‘Notes on 
the Coastal Physiography of Port Campbell, Vic- 
toria,” Proc. Roy. Soc. Victoria, Vol. XL, Part I[N.S., 








wind and principally have a southeaster- 
ly set outward across the breakers off the 
eastern headland (Point Sturgess) at the 
harbor entrance. The mean rise of tide in 
the harbor is 4 feet. The currents along 
the 30-mile stretch of coast run in a west- 
erly direction from January to March, 
when the winds prevail from the east.’ 
For the greater part of the year they run 
easterly (arrows in Fig. 2). The harbor 
at Port Campbell is a drowned river val- 
ley of the rias type, according to J. W. 
Gregory.? 

Prominent marine storms come from 
the southwest, and many of the bays, 
gorges, and promontories trend parallel 
with this direction. The mean annual 
rainfall of the district from 1886 to 1935 
was 34.8 inches, the range being 21-45 
inches. Greatest precipitation in’ this pe- 
riod occurred between May and October, 
when 33—4 inches a month were regis- 
tered.‘ In the remaining months, when 
13-23 inches a month occur, most of the 
lesser watercourses are dry. 

The character of the continental shelf, 
indicated in Figure 2, has been derived 
from soundings given on the Admiralty 
Chart (1873) embracing the coastline 
from Glenelg to Cape Otway. The edge is 
40 miles offshore, and the shelf slopes 
gently at an average of 1 foot in 350 feet 
from the shoreline. 

The general trend of the Port Camp- 


1927|, pp. 45-57). Sundry minor modifications of 
the coastline which have occurred since then are 
recorded at the end of this article. The continuation 
of the Great Ocean Road from Princetown through 
Port Campbell to Peterborough in 1933 has pro- 
vided easy access to most parts of the coast, and the 
observations made herein have been thereby much 
facilitated. 

2 Australian Pilot, Vol. IL (1918). 

i‘ The Geography of Victoria (2d ed.; Melbourne, 
IgI2). 

‘W. S. Watt, Results of Rainfall Observations 
Made in Victoria (Bureau of Meteorology, 1937). 
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bell coastline is southeasterly, the same 
as that of widely sweeping neighboring 
stretches of the southwestern coast of 
Victoria at Discovery Bay, Portland 
Bay, Warrnambool, and between Cape 
Otway and Moonlight Head (Fig. 1). 

Because of vigorous attack by shore 
agents, there has been relatively recent 
retrogradation of the Port Campbell 
coastline for as much as ? mile, recorded 
by reefs on the abrasion platform at such 
distances from the shore (Fig. 4). The de- 
tailed features of the coastline provide 
no conclusive evidence of geologically re- 
cent elevation or subsidence. 

The cliffs in the Tertiary limestones 
are comparable in appearance with those 
chosen by D. W. Johnson‘ to show youth- 
ful cliff profiles on a mature coastline of 
submergence. Many small indentations 
along parts of the coastline give rise to a 
regular succession of narrow headlands, 
bays, and gorges, so that only a few 
straight sweeps of cliffs are met with, as 
at Deany steps and Gibson’s Beach. 


LITHOLOGY AND STRUCTURE 
OF THE AREA 

The bedrock of the area consists of a 
conformable series of Miocene rocks, 
which are horizontal northwest of Gib- 
son’s Beach and composed of fossilif- 
erous limestones with some calcareous 
clays and shales. Southeast of Gibson’s 
Beach the Miocene rocks consist of west- 
erly-dipping clays and marls, and marine 
Eocene deposits outcrop in the cliff sec- 
tions southeast of Princetown.® Many of 
the bedding planes in the Miocene series 
are defined by lines of nodules and thin 
sheets of harder, secondary calcareous 


5 Shore Processes and Shoreline Development (New 
York: J. Wiley & Sons, 1919), pp. 200-202. 

6 Baker, “Eocene Deposits Southeast of Prince 
town, Victoria,” Proc. Roy. Soc. Victoria, Vol. L\ 
Part IT (1943). 
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deposits. The Miocene rocks are overlain 
by thin deposits of post-Miocene clays, 
while cross-bedded dune limestone of 
Pleistocene age rests unconformably 
upon the eroded, dipping Tertiary rocks 
in the vicinity of the Gellibrand River 
(Fig. 3). Recent sand ridges and dunes 
occur in valley mouths, on top of some 
of the dune cliffs, and on certain of the 
bayhead beaches. Recent sands and al- 
luvium form thin deposits near the 
mouth of Port Campbell Creek, along the 
Gellibrand River and Latrobe Creek, and 
around the shores of Curdie’s Inlet. 

Closely spaced bedding planes and ir- 
regularly spaced joint planes have been 
influential in determining the trend and 
nature of many of the coastal features. 
Faults are very rare and their influence 
negligible.? 


DEVELOPMENT OF THE PORT 
CAMPBELL PLAIN 


The country inland from the limestone 
cliffs of the Port Campbell coastline con- 
sists principally of Miocene limestones 
and calcareous clays with a cover of post- 
Miocene clays and Recent soils; it is de- 
scribed by Jutson® as a gently undulating 
plain of sedimentation, and by E. S. 
Hills’ as a coastal plain. The immediate 
hinterland rises gently back from the 


7 The only visible evdience of fault movements in 
the Tertiary rocks is provided by four widely sepa- 
rated, small thrust faults with stratigraphical throws 
of 2 feet and hades of 25° in a south-of-east direction. 
Five or six small faults in the cliffs near Port Camp- 
bell township are recorded by P. M. Duncan (‘On 
the Fossil Corals [Madreporaria] of the Australian 
Tertiary Deposits,” Quart. Jour. Geol. Soc., Vol. 
XXVI, Part I [1870], p. 293) from descriptions of 
elaborate surveys made by early Victorian geolo- 
gists (Wilkinson and Daintree), but these faults are 
no longer apparent in the cliff sections. 


8 Op. cit., p. 50. 


9 The Physiography of Victoria (Melbourne and 
Sydney: Whitcombe & Tombs, 1940), p. 265, Fig. 
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coast, but farther inland it rises more 
steeply to the Otway Ranges of Jurassic 
rocks in the east and to the basalt plains 
of Newer Volcanic (late Cainozoic) age 
in the north (Western District of Vic- 
toria). The plain extends westerly for a 
considerable distance through Peterbor- 
ough and Warrnambool and in parts has 
a rolling topography. 

In view of the important effects that 
glacial control must have had on the 
post-Pliocene sea-levels’® and the absence 
of convincing indications of elevations 
and depressions of the land in this area, 
the writer considers that throughout 
Quarternary times the lower marginal 
portions of the plain in the south were 
subject to alternate eustatic submerg- 
ences and emergences during glacial and 
interglacial stages. The upper surface of 
the plain was exposed to subaerial ero- 
sion throughout Pliocene and Quater- 
nary time. It was during this period that 
the post-Miocene clay veneer was devel- 
oped on the Tertiary rocks. 

The clue to the origin of the plain is 
found in the nature of the post-Miocene 
clay. Detailedinvestigation fails to reveal 
that either sea or river action has played 
much, if any, part in its development. 
The deposit consists of 67 per cent clay 
particles, 6 per cent of acid-soluble mat- 
ter, and 27 per cent by weight of quartz 
grains plus a few fragments of heavy min- 
erals like ilmenite, tourmaline, zircon, 
and rutile and a small proportion of re- 
sidual feldspar. Much of the quartz is 
well rounded and polished, suggestive of 
wind action,and some grains are amethys- 
tine in color, like grains of quartz in near- 
by Pleistocene dune limestone. The pro- 
portion of clay in the Tertiary rocks var- 
ies from 2 per cent in the purer forms of 

10 F, P. Shepard, ‘Revised Classification of Ma 
rine Shorelines,” Jour. Geol., Vol. XLV (1937), pp. 
602-24. 
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limestones to 47 per cent in the calcare- 
ous shales and clays, and there may have 
been younger Miocene beds with still 
higher proportions. Many of the miner- 
als in the post-Miocene clays are com- 
parable with species in the Tertiary and 
Jurassic rocks of the district. Remanié 
fossils in the form of one Tertiary fora- 
minifer, a shark’s tooth (Jsurus) with a 
limestone matrix, and a few remnants of 
Tertiary echinoids, polyzoa, brachiopods, 
and mollusks have been obtained from 
the post-Miocene clays. 

The above evidence indicates that the 
higher members of the Tertiary series 
were subjected to atmospheric erosion 
from Pliocene times onward and that the 
clays were derived mainly from the dis- 
solution of Tertiary limestones and cal- 
careous clays over a considerable period 
of time on a more or less flat, horizontal 
plain. A mantle of insoluble residues was 
thus formed to depths of several feet (up 
to 20 feet in places) upon the surface of 
the original uplifted plain of marine sedi- 
mentation. Apparently little running 
water participated in the formation of 
the insoluble residues; otherwise the re- 
siduum would have been swept away, 
as has occurred along present stream 
courses. The sporadic occurrence of 
rounded pebbles of reef quartz in the 
post-Miocene clays might suggest that 
river action played a small part in the de- 
velopment of these deposits, but the peb- 
bles may have been original constituents 
of the higher beds of the Tertiary series 
that were destroyed by atmospheric ero- 
sion. Many of the quartz grains were 
probably blown in from dunes forming 
contemporaneously at the mouth of the 
Gellibrand River. 

The present-day valleys in this rela- 
tively narrow limestone plain (about 20 
miles wide here), with its spread of post- 
Miocene clays, have been eroded by run- 
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ning water, but solution has played a 
large part where the clay has been cut 
through and the watercourses established 
in limestone. The smaller streams fre- 
quently disappear down sinkholes (Fig. 
5) near the edge of the impervious cap- 
ping clay. By cutting deeply into the 
eastern end of this plain, the Gellibrand 
River has removed some 300 feet or so of 
the Tertiary rocks, and the old valley, 
once 4-5 miles wide, has subsequently 
been filled in near the river mouth with 
Pleistocene dune limestone and Recent 
sand dunes. The plain extended about a 
mile farther southward beyond the pres- 
ent strand-line, and smaller watercourses 
had been cut down to varying depths 
through it. During eustatic oscillations 
of sea-level in the Quaternary glacial and 
interglacial periods, some of the deeper 
watercourses were estuarine for consider- 
able distances from their mouths—for ex- 
ample, those of the Gellibrand River and 
Curdie River—while smaller ones, like 
Port Campbell Creek and the Sherbrook 
River, were estuarine for only ? mile 
from their present mouths. These river 
courses had gorgelike cross-profiles which, 
near their mouths, have been maintained 
to the present day. 


STREAM EROSION 

The area studied is delimited in the 
west by Curdie River, which drains the 
Cobden-Timboon district, and in the east 
by the Gellibrand River, which drains 
the South-Western Otway ranges. The 
coastal district between these major 
watercourses is dissected mainly by Port 
Campbell Creek and the Sherbrook 
River (Fig. 3). In addition, several small 
creeks of youthful character near their 
mouths have been unable to reach base- 
level of erosion at the coastline and so 
disembogue from hanging valleys, which 
vary from 6 to over 150 feet above sea- 
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level. Thus the mouth of Ingle’s Creek— 
a truncated stream— is 35 feet above sea- 
level, because marine erosion in this in- 
stance is more vigorous than stream ero- 
sion, whereas Rutledge’s Creek—a reju- 
venated stream—is only 10 feet above 
sea-level at its mouth, because marine 
and stream erosion are here more evenly 
balanced. The different characters of the 
mouths of these two streams, separated 
by less than 3 mile of vertical cliffs, are 
due to the presence of a broad wave-cut 
platform off the mouth of Rutledge’s 
Creek, whereas deeper water conditions 
prevail off the mouth of Ingle’s Creek. 
There are thus marked differences in the 
erosive power of the waves at each 
stream mouth, a considerable loss of 
wave energy resulting off the mouth of 
Rutledge’s Creek because of the wide 
short platform. 

Shorter watercourses, which notch the 
edges of the Tertiary limestone cliff tops, 
result from the scouring action of rain 
water and large masses of spray thrown 
over the tops of the cliffs. The return 
runoff of this spray forms minor gullies, 
which have removed the post-Miocene 
clay capping for distances of 10-150 feet 
from the edge of the cliffs, exposing flat, 
gently seaward-sloping surfaces in the 
underlying Tertiary limestones. Differ- 
ential erosion of these flat surfaces has re- 
sulted in small-scale pillared structures, 
solution pipes, and honeycombed areas, 
while at the heads of such stripped por- 
tions of the cliff tops surface runoff, erod- 
ing the post-Miocene clays, has produced 
a moundlike topography in several places 
(Fig. 13). The landward ends of areas af- 
fected in this manner terminate in cut 
banks 2-15 feet high in the Quaternary 
deposits. 

The rapidity of gullying in the soft 
capping of clays is indicated along por- 
tions of an old road, last used in 1933. 
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The drains on either side of this road are 
in some places now narrow gullies up to 
18 feet deep and in other places have cut 
down to the Tertiary bedrock. 
Although the larger courses of the Gel- 
librand and Curdie rivers drain consider- 
able tracks of country, they have small 
mouths, frequently closed by beach 
ridges. The same applies to Port Camp- 
bell Creek and the Sherbrook River, 
which drain less extensive tracts of coun- 
try. The Sherbrook River meanders 
against sand dunes for about 3 mile from 
its mouth, but farther upstream the val- 
ley tends to be gorgelike in Tertiary lime- 
stone; undercutting of the banks and so- 
lution of the limestone have resulted in 
the formation of a few river caves, one 
in the Pine Plantation being 30 feet wide, 
10-15 feet high, and 20 feet deep. Peri- 
ods of diminished flow are frequent in 
the Sherbrook, and the river is then con- 
fined to a channel 6—10 feet wide in a nar- 
row flood plain near its mouth. Under 
these conditions a beach ridge, formed by 
marine action across the mouth, ponds 
the river waters; but in wet seasons a 
channel 6-8 feet deep and up to 50 feet 
wide is cut through the sand ridge. The 
ridge is also occasionally broken through 
in the drier seasons after sudden rain- 
storms and sometimes by a large wave; 
but it is invariably rebuilt and closes up 
the river mouth again within a day or so. 
The Gellibrand River meanders for 
about 3 mile from its mouth against con- 
solidated dune limestone on the western 
bank, where it has been incised into the 
limestone to form the steep, high cliffs in 
the vicinity of Point Ronald. The less 
precipitous eastern bank near the river 
mouth consists of partially fixed Recent 
sand dunes, behind which the Gellibrand 
meanders for a considerable distance 
before entering the sea. These dunes 
form a barrier responsible for occasional 
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flooding over extensive portions of the 
lower reaches of the Gellibrand, where 
broad, marshy flats are formed in a val- 
ley lacking any vestiges of river terraces. 
Comparable conditions result in marshy 
flats upstream from the mouth of Curdie 
River, while Port Campbell Creek, whose 
valley is asymmetrical for about } mile 
from its mouth, flows through a marshy 
river-mouth flat 350 yards wide, with 
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London Bridge (Fig. 16) and elsewhere 
to the east. Most of the V-shaped de- 


pressions on top of some of the promon- 


tories (Fig. 21) are remnants of small dis- 


membered valleys. 


The fact that most of the major water- 
courses have wide, open valleys in the 
soft Tertiary rocks to within } mile or so 


of their mouths, but there become incised, 
forming asymmetrical and gorgelike pro- 














Fic. 16.—Arched headland almost cut off by the formation of horseshoe-shaped bays. Northwest of 
London Bridge. A = archway, B = fallen blocks, C = cave, D.V. = dismembered valley, F = fluted 


cliffs, H = headland. 


steep, high Tertiary cliffs forming the 
western bank and lower, gently sloping 
sides the eastern bank. The marshy flat 
results from ponding of the creek behind 
a beach ridge, which is the westerly con- 
tinuation of the bayhead beach in Port 
Campbell harbor. This valley profile 
near the mouth of Port Campbell Creek 
is characteristic of most stream courses 
in the coastal area. 

Dismembered streams result where 
marine erosion has caused the cliffs to re- 
cede and intersect stream valleys west of 


‘t Jutson, op. cit., p. 45. 





files, is a reflection of the rapidity with 
which the coastline is receding and caus- 
ing rejuvenation of river action near the 
mouths. 


SINKHOLES 


The valleys of some of the lesser water- 
courses terminate at short distances from 
the cliff edges, instead of disemboguing 
into the ocean through hanging valleys. 
Thus Sparks’s Gully ends 65 yards from 
the coastline in a collapsed cave 200 feet 
long, 50 feet wide, and 50 feet deep. The 
floodwaters are disposed of through three 
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or four swallow holes in the floor of this 
collapsed cave and flow a short distance 
underground to emerge through a cave at 
sea-level east of Goudie’s Lookout. Other 
well-developed sinkholes into which small 
gullies lead occur at the Grotto, at a lo- 
cality 60 yards west of Deany Steps, at 
10 chains west of Marble Arch (Fig. 5), 
and at the head of the east arm of Loch 
Ard Gorge, and two small tributaries of 
the Sherbrook River flow into small sink- 
holes a few yards east of the river (see 
S in Fig. 3). 

The sinkhole at Loch Ard Gorge is t10 
yards from the cliff edge and is 4o feet 





BAKER 


OBSERVATIONS ON WAVE ACTION 

The magnitude and frequency of the 
waves striking the cliffed coastline in the 
Port Campbell district are a consequence 
of the large fetch. The sea breaks heav- 
ily some distance from the shore on cer- 
tain parts of the wave-cut platform, but 
in other parts the waves break with full 
force closer inshore and _ frequently 
plunge directly against the cliff faces. 

Where cliff faces are parallel to the di- 
rection of wave translation, the waves 
race along the cliff bases, underscouring 
them by solution and spalling and form- 
ing a smooth notch in the soft sediments 


TABLE 1 


Number of 


Locality W 


1. Rutledge’s Creek Beach 

2. Broken Head 

3. London Bridge 

4. Amphitheatre 

5. Castle Rock. . 

6 Marble Arch 

7. Amphitheatre. . 

8. Two Mile Bay 

g. Murray Steps, west of Marble Arch 


deep. Some of the underground water 
emerges by seepage from an overhanging 
cliff face in the west arm of the gorge, 
where stalactites are formed; but the 
greater part flows across the floor of 
Pearce’s Cave, situated at the head of 
the eastern arm. West of Deany Steps a 
conical sinkhole, 30 feet deep and 100 
feet across at the top, is separated from 
the seaward face of vertical cliffs 200 feet 
high by a narrow wall of limestone about 
6 feet thick. The hole through which 
storm waters are discharged is a small 
aperture 170 feet above sea-level. Varia- 
tion in the heights of the outlets of these 
short underground watercourses is due 
to differential solution along the more 
prominent joint and bedding planes. 





aves in 15 


Conditions 


Minutes 


66 South wind, choppy sea 


64 West wind, choppy sea 

64 Southwest wind, heavy swell 

63 West wind, choppy sea 

60 South wind, choppy sea 

60 Southwest wind, swell running 
57 Southwest wind, heavy swell 

56 West wind, choppy sea 

54 Southwest wind, swell running 


as recorded by Jutson.” On the head- 
lands, vertical cliff faces receive the full 
force of wave attack, and the spray from 
the breaking waves is often thrown half- 
way up the cliffs. Larger waves formed 
in heavy seas and storms momentarily 
obscure the headlands on breaking, the 
spray reaching the tops of cliffs up to 150 
feet in height. The heaviest wave attacks 
develop when strong south-to-southwest 
winds blow continuously for two or three 
days, or occasionally under the influence 
of strong southeasterlies. Under such 
conditions a mass of water with a strong 
set in the direction determined by the 
wind is piled up along the coastline, and 
the largest waves are then produced. 
12 Tbid., p. 48. 
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Table 1 shows the frequency of waves 
passing certain points in a given time 
and under different conditions. 

This table indicates the variability of 
wave frequency at different localities 
with different wind directions; the wave 
lengths vary from 335 to 476 feet in ex- 
amples 1-9 in the table. On an average 
at each locality, one wave a minute with 
a greater amplitude than usual results 
from combined waves developed in two 
series of waves moving in the same direc- 
tion. Much larger waves occasionally ar- 
riving at irregular intervals represent the 
combination of more than two parallel 
series. 

The effects of wave pressure upon air 
imprisoned within crevices can be ob- 
served on the eastern cliff face of Survey 
Gorge, where a crack in the base of the 
cliff occurs just above low watermark. 
As the crest of a passing wave wells over 
a wave-cut bench into the crack, the im- 
prisoned air becomes compressed, and a 
certain amount of water enters the cav- 
ity. When the surge subsides, the com- 
pressed air escapes with such rapidity as 
to blow out a fountain of spray before 
it, sometimes to distances of 20 or 30 
feet. Since the waves exert considerable 
pressure upon the soft rocks in the cliffs, 
lines of weakness such as this are readily 
enlarged and rapidly develop into tun- 
nels or caves. 

Along the wave-cut notches at the 
base of cliffs trending at right angles to 
directions of wave propagation, the ac- 
tion of the waves is normally as follows: 
A mass of water moving forward against 
the cliff base first wells over a narrow 
bench situated below the notch, an ac- 
tion accentuated by the motion of kelp 
attached to the edge of the bench. The 
bulk of the oncoming wave plunges upon 
the back portion of the bench, the water 
swirling upward along the face of the 
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notch as in Figure 11, its upper limit 
breaking into spray at the recurved top 
of the notch. The water then recedes 
from the notch with great velocity, fall- 
ing some 4-6 feet below the level of the 
notch to form a temporary trough. 
Where wave-cut notches are well estab- 
lished, it is thus seen that the main force 
of the breaking waves is spent at the back 
of the bench where the notch is formed. 

Wave motion is complex in confined 
areas like the narrow gorges of this dis- 
trict, because the set of the waves is often 
oblique to the trend of the gorge walls 
and reflected waves are commonly pro- 
duced. Reflection of waves from the sea- 
ward faces of rock stacks with broad, ver- 
tical faces is also common. Usually a re- 
flected wave and an advancing wave in- 
terfere with each other to produce surf 
and foam, but on rare occasions the crests 
of two such waves coincide in such a 
manner off the seaward face of the Bak- 
er’s Oven Rock as to form a fan-shaped 
sheet of water 40-50 feet high. Although 
spectacular, effects such as this have no 
apparent erosional significance apart 
from the generation of large amounts of 
fine spray, which drifts onto the cliff face 
and top of the stack and there assists in 
chemical weathering of the limestone 
rocks. 

Secondary cross-waves, between the 
Baker’s Oven Rock and the mainland, 
approach the shore from the west after 
passing the southwest corner of the stack. 
They advance toward the northeast cor- 
ner and there meet main waves sweeping 
along the eastern face of the stack. Even 
though the two sets of waves partially 
interfere, each retains its individuality 
for some distance after crossing the other. 
Such secondary cross-waves play an im- 
portant part in eroding the landward 
faces (Fig. 24) of the perpendicular rock 
stacks of this area. 
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The nature of the water column pro- 
duced when the larger forced waves im- 
pinge upon the cliff faces depends upon 
the profile of the cliff face and the angle 
of wave impact. Thus at Broken Head, 
the larger breaking waves directly strik- 
ing the slightly seaward-sloping, cliffed 
head of this rocky bay throw up large 
masses of spray that hide the greater part 
of the cliffs (Figs. 13 and 14). This hap- 
pens with normal seas when three sets of 
combined waves enter Broken Head in 
rapid succession. The frequency of this 
phenomenon varies with different condi- 
tions, such as wind velocity and wind 
direction, occurring sometimes once in 
half an hour, often only once in half 
a day. In very heavy seas the height 
to which large masses of spray are thrown 
at this locality is 100 feet or more, and 
the topmost bench, some 85 feet above 
sea-level, is then frequently awash. 
Where the waves strike overhanging 
cliff faces, whether full on or slightly 
obliquely, masses of spray are thrown 
outward from the cliffs for considerable 
distances, as at the Amphitheatre (Fig. 
9); and the action of the waves here is 
mainly that of undercutting to heights 
of about 20 feet up the cliff face. 

When breaking waves cross the bench 
surrounding rock stacks, whirlpools are 
occasionally visible when the troughs of 
the waves are over submerged irregulari- 
ties. Whirlpool action probably is a con- 
siderable factor in the submarine plana- 
tion of such denuded rock stacks. 

Large masses of foam which sometimes 
collect in rock crevices on exposed parts 
of the wave-cut platform and on sandy 
beaches at the heads of gorges are often 
caught up in air currents and plastered 
onto the cliff facés and there play some 
part in weathering the soft calcareous 
clays and limestones. Occasionally, mass- 
es of foam are blown across sandy beach- 
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es, during the traverse of which they 
gather up particles of sand. This increas- 
es the weight of the foam masses, and 
before being entirely dissipated they are 
able to leave trails in the beach sand up 
to 60 feet in length. Such foam trails sim- 
ulate certain animal tracks preserved in 
sediments. 
NATURE OF CLIFF PROFILES 

Because of the rapid retrogression of 
the soft and structurally weak Tertiary 
rocks, vertical marine cliff faces are gen- 
erally maintained along the coast, rising 
either from beaches (Fig. 12) or out of 
the sea (Fig. 27). Clinometer readings 
show that the cliffs vary from o° to 8° 
from the vertical. Smooth faces are com- 
mon, but narrow projecting ledges occur 
where there are nodules and hard bands 
of secondary calcareous material (Figs. 
15, 22, and 28). Vertical ridging of the 
cliffs along parts of the coastline results 
in fluted cliffs, as at Gibson’s Beach 
(southeastern end) and at a locality 3 
mile west of London Bridge (Fig. 20). 
The fluting is in part due to deposition 
of stalactitic incrustations and partly to 
the solvent action of surface waters deep- 
ening the channels between the stalac- 
titic ridges. 

A few cliffs are less steep, as on the 
landward slopes of Sentinel Rock (38° 
from the vertical) and in the “inland 
cliffs’*’ at Two Mile Bay, where slopes 
are 50°—60° from the vertical; such cliffs, 
however, are not exposed to the full vigor 
of. present-day wave attack. In parts 
where the waves actively attack the base 
of the cliffs, overhanging faces are devel- 
oped, and such portions frequently slump 
in large masses onto beaches (Fig. 12) or 
into the sea. In other parts of the coast- 
line the upper portions of the cliffs break 
away in smaller pieces which accumulate 


"3 Tbid., p. 52. 
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as talus cones on prominent ledges high 
up cliff faces or as large fallen blocks on 
the lower wave-cut benches (Fig. 11). 
Many landslides from the cliff faces fall 
directly into the sea, where they are rap- 
idly disintegrated. The amount of over- 
hang of the cliffs is considerable in some 
parts, being 8° beyond the vertical at the 
Amphitheatre and 10° on the southeast- 
ern corner of Mutton Bird Island and on 
either side of the entrance to Survey 
Gorge. 


EROSION OF PROMONTORIES 


The numerous small promontories 
along the coastline vary in width and 
length, but some are much longer than 
broad. Thus Goudie’s Lookout (Fig. 28) 
is 140 yards long and varies in width from 
20 to 40 feet, while Castle Rock is 200 
yards long and 8-30 feet wide. The 
promontories have vertical cliff faces, 
which are notched in part. Their undu- 
lating summits result from the washing- 
away of the post-Miocene clay capping 
and from differential weathering of ex- 
posed portions of the underlying Tertiary 
limestones (Fig. 22). These narrow 
promontories present a small frontage to 
marine erosion, while more massive head- 
lands like Point Hesse, Pulpit Rock, etc., 
present broader frontages. Many of these 
are deeply undercut and notched at the 
bases, and wave-cut benches are pro- 
duced higher up on the cliff faces in some 
examples than in narrow promontories. 
When marine attack is concentrated 
upon the headlands with equal vigor 
from opposite sides, they may become 
arched (Fig. 22); but some headlands are 
temporarily protected by rock stacks, as 
in the strip of mainland opposite the 
Twelve Apostles, where protective rock 
stacks and protected headlands alternate 
with small, gently curved bays, some 
with sandy beaches. In such instances 


the stretches of sea between the stacks 
and the mainland represent positions for- 
merly spanned by arches. 

Temporary protection is afforded the 
flanks of the landward ends of some of 
the promontories by talus cones, as on 
the west side of Castle Rock. In other 
instances, for example, Goudie’s Look- 
out, vigorous attack on both sides of the 
landward ends of promontories has re- 
sulted in the formation of caves. 


NATURE OF BAYS AND MARINE GORGES 

The bays and marine gorges have high 
sea cliffs along their sides and at their 
heads. Their widths and lengths depend 
upon the spacing of the major joint 
planes in the Tertiary rocks'* and upon 
the directions of concentrated marine at- 
tacks. Where the joints are closely 
spaced, long narrow gorges like Loch Ard 
Gorge and Survey Gorge result. Where 
the joints are wider apart, open bays like 
Port Campbell harbor (Fig. 4) and the 
Bay of Islands are formed. Indentations 
intermediate in character to these are 
narrow and gorgelike at their openings 
but widen toward the heads; they are 
thus horseshoe-shaped, as shown in Fig- 
ure 16. Others have almost parallel sides 
like the gorges but are shorter and ap- 
proach the smaller bays in width. The 
vertical cliffs terminating the heads of 
the bays and gorges are frequently under- 
mined with caves. Some have beaches at 
their bases, but the minor baylike inden- 
tations on certain of the headlands are 
entirely rocky, with deep water at the 
cliff bases. 

Although the gorges have more or less 
parallel walls, they are seldom straight in 
plan, owing to prominent joints which 
strike at an angle to the main joint series, 
coupled with the effects of complex wave 
reflection. 

"4 Tbid., p. 50. 
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The gorges are due to marine erosion 
rather than to the drowning of river val- 
leys,’S because the heads of the gorges are 
seldom continued inland asstream valleys. 
Where this does occur, the stream valleys 
either end in sinkholes some distance 
from the cliff edges or plunge over the 
cliffs as hanging valleys, indicating that 
recession at the heads of some of the 
gorges has been aided by the formation 
of solution holes by streams. 


DEVELOPMENT OF CAVES, TUNNELS 
AND ARCHES 
Forty-five caves occur at the base of 
the cliffs in the Port Campbell district. 
In addition, two or three, 20 feet or so 
above sea-level, occur at the heads of 
rocky bays formed on the wave-cut 
benches, while holes high up in the cliffs 
(Fig. 22) represent the outlets of former 
systems of underground drainage. The 
caves vary in size and are most abundant 
at the heads of bays and gorges. The 
floors of a few are occasionally sandy, 
rarely pebbly, and others are of hard 
limestone and frequently gashed. All the 
caves low down in the cliffs result from 
marine erosion at normal sea-level, where 
their widths and heights are increased by 
solution and by the spalling-away of 
large slabs of limestone from the sides 
and roofs during storms. Caves situated 
20 feet or so above sea-level are products 
of storm erosion ; they occur only in those 
positions where vigorous marine attack 
is kept up and the limestone differs mark- 
edly in hardness. Although the caves re- 
sult mainly from marine erosion along 
structural planes in weak rocks, solution 
by underground waters in some instances 
has aided in their initiation and elonga- 
tion. 
Visible tunnels are few in number; one 
leading to the Blowhole (a collapsed cave 


'S Tbid., p. 49. 
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45 yards long) is 110 yards long and 
is continued inland from the landward 
end of the Blowhole opening for 25-30 
yards. Tunneling along a major joint 
plane here amounts to about 200 yards. 
Further collapse of this tunnel roof would 
result in a long, narrow gorge, compara- 
ble with the gorges in the neighborhood. 
In the origin of many of the gorges along 
this limestone coast, this process of cave 
or tunnel-roof collapse has played a 
prominent part, the roofs being reduced 
in thickness by the undercutting action 
of storm waves and solution by surface 
waters. A smaller tunnel, on the west 
side of Broken Head, has been developed 
along a prominent joint plane trending 
northwest-southeast. Its roof is some 50 
feet above normal sea-level. Surface so- 
lution along the joint plane above the 
tunnel has formed an elongated trench 
with several small sinkholes at the bot- 
tom. These dispose of local storm waters 
and also act as funnels up which fine 
spray and compressed air are forced by 
large waves. The Blowhole, referred to 
above, probably commenced its history 
in this manner. 

The tunnels generally have been de- 
veloped at sea-level, and, as many of 
their floors are some depth below water, 
they were probably initiated during a 
former glacial stage when sea-level was 
lower. A short tunnel through the Bak- 
er’s Oven Rock (Fig. 24) has a flat, hori- 
zontal, rocky floor of hard limestone 
some 20 feet above present normal sea- 
level and in this characteristic is similar 
to some of the higher caves in the lime- 
stone cliffs. Observations of the work of 
the waves at this locality indicate that 
this short tunnel has been produced di- 
rectly by recent storm waves. 

Natural archways formed at the sea- 
ward and landward ends of the head- 
lands and narrow promontories result 














from marine attack along joint planes 
from two sides."* Those at the seaward 
ends of small headlands and promonto- 
ries are represented by Marble Arch 
(Fig. 25), Elephant Rock (Fig. 22), and 
London Bridge (Fig. 19); those at the 
landward ends by a smali archway situ- 
ated about 3 mile west of London Bridge, 
where the arch has been cut through a 
narrow neck of land separating two 
horseshoe-shaped bays (Fig. 16). 

The enlargement and destruction of 
arches in such positions result in the for- 
mation of the larger islets like Mutton 
Bird Island (Fig. 3). The breaking-down 
of the roofs of archways, situated at the 
seaward ends of the headlands, some- 
times leads to the development of the 
smaller islets (rock stacks), but in some 
instances only a reef may be formed 
(Fig. 21). Archways produced in posi- 
tions of concentrated marine attack on 
islands are found in the Island Arch- 
way,’? on Mutton Bird Island, and on 
one of the stacks in the Bay of Islands. 
These archways were probably in the 
process of formation when the islets were 
contiguous with the mainland as promon- 
tories. The floors of most of the arches 
are below sea-level, but those at Marble 
Arch and at a locality a mile west of Lon- 
don Bridge are about the same height 
above sea-level as certain of the cave and 
tunnel floors referred to above, namely, 
20 feet or so. These are awash during 
heavy seas and abnormally high tides. 

A rarer type of archway formed 40 feet 
above sea-level and 30 yards from the cliff 
edge at the Grotto (Fig. 6) has resulted 
from the combined action of marine at- 
tack by storm waves and solution by sur- 
face drainage down sinkholes situated 
near the cliff edge, like the one indicated 
in Figure 5, which represents a stage in 

'6 Tbid., p. 47. 

17 Hills, op. cit., p. 211. 
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the formation of such an archway. In 
this sinkhole (Fig. 5), which is 35 feet 
deep, a vertical wall of limestone 10-15 
feet thick, separating the sinkhole from 
the sea, has four outlets 6-8 feet apart 
and each about 2 yards across. Heavy 
seas spill through these holes into a rock 
pool. Their enlargement could ultimate- 
ly develop a natural archway comparable 
with that at the Grotto. 


POSITION AND PRODUCTION OF MARINE 
PLATFORMS, BENCHES, AND 
WAVE-CUT NOTCHES 

Laterally extensive wave-cut _plat- 
forms of the district are principally de- 
veloped on a limestone bed of greater re- 
sistance to erosion than the rocks in the 
cliffs. Their back-shore fringes are often 
temporarily covered by sand and cliff de 
bris. A few wave-cut platforms occur in 
the Pleistocene dune limestone of the 
Princetown area, where structure could 

not have been the cause. 

A prominent channel trending offshore 
in a southwesterly direction between two 
lines of reef occurs in the wave-cut plat- 
form in Port Campbell harbor. The reef 
off the eastern headland (Point Sturgess) 
is ? mile long, that off the western head- 
land (West Head) is + mile long. The 
channel between these reefs is 600 feet 
wide at the seaward end and narrows to 
200 feet just inside the western headland. 
The depths increase from 35 fathoms at 
the narrow end to 8 fathoms at the wide 
end."* This channel represents the south- 
westerly continuation of Port Campbell 
Creek and was developed during a Pleis- 
tocene glacial stage when sea-level was 
50 feet lower than at present. 

Wave-cut benches in the lower por- 
tions of the cliffs, situated above the gen- 
eral level of the wave-cut platform, come 


#8 Australian Pilot, Vol. I (1918). 
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into the category of storm-wave ledges.*? 
The lowest bench, referred to here as the 
“first bench,” is 5 or 6 feet above low- 
tide level but is awash at high tide and 
during storms. Although in few places 
more than 15-20 feet wide, the first 
bench occurs at the base of most of the 
cliffs. Higher benches along parts of the 
coastline are more limited, occurring 
where marine abrasion is especially vig- 
orous. Thus, at Beacon Steps, Broken 
Head, Hennessy Steps (east of Broken 
Head), the Grotto, the small bay east of 
Marble Arch, Survey Gorge, and near the 
seaward entrance to the Blowhole, a sec- 
ond bench occurs some 15-25 feet above 
the first bench. At Broken Head,”° Pul- 
pit Rock, and Hennessy Steps, a third 
bench occurs 12 feet above the second 
bench, and a fourth 20 feet above the 
third. The widths of the second and 
third benches vary from 3 to 25 feet, 
while the fourth is as much as 63 feet 
in places. At Hennessy Steps the height 
of the cliff tops is about 12 feet above 
the fourth bench. Most of the cliff faces 
between these benches are vertical, but 
in some positions of vigorous wave ac- 
tion they slope seaward at angles as low 
as 45°. Observations of wave attack at 
these places indicate that all the benches 
could have been formed during heavy 
storms at their present heights above sea- 
level. They may have been initiated 
when sea-level was higher during past in- 
terglacial times, but this is doubtful, 
since cliff-line recession along the coast- 
line has been considerable and coastal 
features developed at earlier sea-levels 
have probably been obliterated by the 
present-day vigorous waves. 

The benches are essentially products 
of differential erosion, with floors invari- 

9A. B. Edwards, “Storm-Wave Platforms,” 
Jour. Geomor ph., Vol. IV (1941), p. 235. 


20 Thid., p. 225, Fig. 2. 
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ably consisting of a harder band of lime- 
stone, commonly much honeycombed. In 
a landward direction they terminate in 
notched cliffs of softer limestone and cal- 
careous clays. The higher benches are 
partly formed by wave attack during 
storms; the lowest one is attacked at all 
times. Subaerial erosion is of more im- 
portance in producing the higher bench- 
es. Rock pools which are abundant on 
all but the lowest bench contain angular 
to rounded “grinder” pebbles and boul- 
ders of considerable size, but almost no 
sand. The rock pools and occasional 
gashes are larger and more abundant on 
the second bench, one at the Grotto being 
50 feet long, 16 feet wide, and 8 feet deep. 
Smaller pools and numerous dimples on 
the second and third benches at Broken 
Head and Hennessy Steps are only a few 
inches deep and result mainly from sub- 
aerial planation and solution of weaker 
portions of the limestone bands forming 
the bench floors. The deeper pools on the 
lower benches have been excavated part- 
ly by solution and partly by the grinding 
action of the harder limestone boulders 
in times of storm. Solution pipes are 
common on the fourth bench and on the 
stripped edges of the cliff tops. Many are 
partly filled with clay washed down from 
the post-Miocene clay mounds, as at 
Broken Head, Gravel Point, and else- 
where. The rapid recession of the cliffs 
has resulted in the dissection of some of 
the solution pipes at Gravel Point and 
Bumpy Rock (southeast of Rutledge’s 
Creek), where those at the cliff edge oc- 
cur as semicylindrical hollows up to 20 
feet deep. 

The higher benches are usually wider 
in the central portions of rocky bays like 
Broken Head than at the points* and so 
are crescent-shaped and concave land- 
ward in plan. The lowest (first) bench is 

1 Tbid., p. 223. 








usually wider at the headlands than at 
the heads of the bays and so is convex 
landward, although in the bay at the 
head of which the Grotto is situated the 
first bench maintains an almost constant 
width around the small bay. The higher 
benches are mainly horizontal owing to 
control by the Tertiary strata; but the 
first bench, although in places horizontal, 
may have a seaward slope of 8° in posi- 
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30 feet above sea-level east of Marble 
Arch, and 54 feet above the first bench 
at the Amphitheatre (Fig. 9). 

Although most of the higher notches 
and narrow ledges are largely due to at- 
mospheric weathering, the lower ones are 
undoubtedly formed by breaking storm 
waves. 

The notches associated with the hori- 
zontal first benches in the area form 
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Fic. 29.—Sand_ ridge formed on beach at head of small bay protected on the southeast side by a prom 
ontory and rock stack. Northwest of Castle Rock. B = beach, D = depression between sand _ ridge 
and vertical cliffs, D.V. = dismembered valley, NV = horizontal notch, P = promontory, P.7. = perched 
talus cone, R.S. = rock stack, S.R. = sand ridge, T = tie bar, with fallen blocks, 7.C. = talus cone, 




















U.C. = undercut cliff. 


tions where marine attack is most con- 
centrated. 

Wave-cut notches or “nips” are promi- 
nent along many parts of the cliffs. The 
lowest notch occurring at the back of the 
first bench may form a long, smooth 
groove. It is well developed on headlands 
(Fig. 19), on nearly all faces of rock 
stacks (Figs. 24 and 26), and along gorge- 
(Fig. 28) or bay-sides. This lowest notch 
is rarely evident at the heads of the bays 
(Fig. 20). Other wave-cut notches 
(“storm-wave nips”) are 10-15 feet 
above sea-level at Rutledge’s Beach, 25- 





deeply incised concavities with heights 
from floor to roof of up to 12 feet (Fig. 15) 
in the softer rocks; but those associated 
with first benches having seaward slopes 
at angles up to 8° are not so deeply in- 
cised, although undercutting extends for 
greater distances up the cliff faces, even 
as much as 30 feet near Pulpit Rock. 


NATURE AND FORMATION OF 
ROCK STACKS 


Twenty-four rock stacks or islets lie 
from between 30 and 400 yards offshore 
between Deany Steps and Gibson’s 
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Steps, where the coastline trends north- 
west-southeast; but none occurs west of 
the central portion of the area, where the 
coastline trends east-west. Some of these 
stacks are shown in Figure 8. Many are 
headland remnants mostly surrounded 
by the sea at all times. Their shape in 
plan is commonly irregular, but a few 
stacks are elongated parallel to the di- 
rection of wave propagation, as in the 
Sentinel Rock (=the Haystack), owing 
to the northeast-southwest trend of the 
major joint planes. 

Various stages in the process of rock- 
stack planation are evident; some stacks 
are still as high as the mainland cliffs and 
are similarly capped with post-Miocene 
clays. 

In some stacks a pronounced notch 
and bench occurs one-third to halfway up 
the cliffs (Fig. 26), and, since many of 
them are narrow, relatively slender con- 
tacts exist between the portions above 
and below the notch and bench. A few 
heavy storms suffice to remove the whole 
of the upper portion of such a stack, leav- 
ing it less than half its original height, 
with a rugged top which rapidly becomes 
planed off flat along some prominent bed- 
ding plane, as on one of the stacks in the 
Bay of Islands group (Fig. 27). Further 
wave attack reduces such stacks to small 
pyramidal masses projecting 5 or 6 feet 
above sea-level, a stage to which one of 
the rock stacks in the Twelve Apostles 
group (marked as the “‘Sow and Pigs” on 
Admiralty Charts) has been reduced. 
This later passes into the reef stage. 

It has been stated that none of the 
stacks in this area are joined to the main- 
land or to one another by sand bars,” but 
the first stack northwest of Castle Rock 
is connected to the mainland by a dis- 
tinct but short sand bar no more than 30 
yards long (Fig. 29). This bar is visible 


22 Jutson, op. cit., p. 50. 
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only in calm weather and at low tides. 
Another stack in the Twelve Apostles 
group (second stack from the left in Fig. 
8) is joined to the mainland by a trail 
of incompletely planed portions of the 
wave-cut platform, and these also are ex- 
posed only at low tides. 


CHARACTER AND CONSTRUCTION OF 
BEACHES AND BARS 


Of the sandy and pebbly beaches along 
the coastline, the former are more abun- 
dant; but in general the beaches are limit- 
ed by the few positions favorable for 
their development and by the small pro- 
portion (1-2 per cent) of hard, sand- 
forming minerals in the Tertiary rocks of 
the cliffs. The sandy beaches consist 
mainly of comminuted shell waste, 75 per 
cent of the sand on the beaches being 
acid (HCl) soluble. The sands accumu- 
late as pocket beaches at the heads of 
some of the small coves but are absent 
from many others because deep water 
there prevails right up the the cliff bases. 
For similar reasons there are no beaches 
either along the sides of the bays or at 
the prominent headlands. The beaches 
are thus essentially bay-head beaches. 
Sandy beaches are much more abundant 
and of greater width in the Princetown 
district, where the cliffs are formed of 
dune limestone, and also near the mouth 
of Curdie’s Inlet near Peterborough, 
where the cliffs are much lower and Re- 
cent sand dunes stretch across the estu- 
ary mouth. The shell-sand beaches at 
the base of the limestone cliffs in the 
Port Campbell district are generally nar- 
row and have slopes of 4°—10°. 

Periodical variation in beach height, 
due essentially to ebb- and flow-current 
changes, is shown 100 yards southeast of 
Castle Rock and elsewhere by remnants 
of former beach sands, 6 feet above pres- 
ent beach level, which have been cement- 











ed to the base of the cliffs by secondary 
calcium carbonate (Fig. 23). These sand 
plasters are sporadic in occurrence, de- 
veloping only where seepages along struc- 
tural planes and down cliff faces are more 
sustained than in other parts. 

Long-shore sand drift in an east-north- 
easterly direction is indicated at Rut- 
ledge’s Beach, where 15-20 feet of sands 
have accumulated at the eastern end of 
a beach 250 yards long, burying horizon- 
tal wave-cut notches, which are 10-15 
feet above sea-level at the western end. 
West to southwest winds are the major 
operative agents of transport here, the 
migrating sand being brought to rest 
against a north-south trending vertical 
cliff face, 100 feet high at the eastern end 
of the beach. 

Boulder and pebble beaches occur east 
and west of Deany Steps and as small 
pocket beaches near Two Mile Bay. 
These are washed over at high tide, but 
a small boulder beach at the Grotto 
(Fig. 6) is 40 feet above sea-level and has 
been formed from fallen rock fragments 
at the bottom of a dissected sinkhole. 
The pebbles and boulders composing this 
special type of storm beach consist of 
ironstone and Tertiary limestone frag- 
ments, rounded by the larger waves that 
occasionally reach this height in the 
Grotto. 

The rounded constituents of the boul- 
der beaches east and west of Deany Steps 
range in size from 1 inch to 2 feet across 
and have been derived mainly from the 
harder limestone bands and calcareous 
concretions in the cliffs. A few irregular 
and rounded flints also occur, although 
these have not been observed in situ in 
the Tertiary rocks; pebbles of basalt, jas- 
per, hornfels, quartzite, and feldspar 
porphyry are all rock types alien to the 
district, but some of them may have been 
derived from Jurassic conglomerates east 





380 GEORGE BAKER 


of Pebble Point (23 miles southeast of 
Point Ronald). Recent rock falls from 
the rapidly retreating cliffs have contrib- 
uted ironstone fragments and blocks of 
soft limestone and calcareous clays, some 
of these blocks being huge masses up to 
60 feet across. The general slope of these 
beaches (14°) is greater than that of the 
sandy beaches. 

Where small boulder beaches are situ- 
ated under overhanging cliffs, as at Pic- 
nic Steps, 5 chains northeast of Sentinel 
Rock, calcareous solutions dripping from 
joint planes have cemented Tertiary 
limestone pebbles and Recent shell sand 
into a calcareous conglomerate, but such 
occurrences are entirely of local char- 
acter. 

Tie bars are rare; the small one previ- 
ously referred to as connecting one of the 
Twelve Apostles rock stacks to the main- 
land (Fig. 29) consists principally of shell 
sand, accumulated around large fallen 
blocks of rock in the erosion shadow of 
the stack. A more prominent tie bar at 
Peterborough, known as the “Spit,” con- 
nects the several low stacks of Schom- 
burgh Reef (Fig. 2) with the sandy beach 
at the mouth of Curdie’s Inlet. These tie 
bars are exposed only at low tides, and 
complex wave patterns are produced 
upon them during mid-tide periods. An 
offshore bar (sand reef) occurs a short 
distance from and parallel to the wider 
beaches at the base of the dune cliffs 
southeast of the Gellibrand River. 


DUNES AND SAND RIDGES 


Pleistocene to Recent limestone dunes 
resting on Miocene limestones appear in 
the cliffs at about 180 feet above sea- 
level a short distance southeast of Glen- 
ample Steps. The junction of the dune 
limestone with successive beds of the 
eroded Miocene series slopes gradually 
down in a southeasterly direction from 
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here to reach 30~40 feet above sea-level 
about 13 miles southeast of this locality. 
Farther southeast, at Point Ronald, the 
sea and river cliffs (Gellibrand River) are 
formed entirely in dune _ limestones, 
which reach a thickness of approximately 
300 feet here and extend for unknown 
depths below sea-level. The dune-lime- 
stone sea cliffs extend for 3 mile north- 
west from Point Ronald and appear 
again southeast of the mouth of the Gel- 
librand River, where they rest on Eocene 
sediments**—the intervening area of 
dune limestone has been planed down to 
sea-level along the present course of the 
Gellibrand. The river cliffs in the dune 
limestone continue inland for about 3 
mile from the river mouth. These dunes 
have buried a broad, open valley cut in 
the Miocene and Eocene rocks by the an- 
cestor of the Gellibrand River. Small, 
partially fixed sand dunes of more recent 
age have been built upon a terrace about 
50 yards wide, cut in the cliffs 30-40 feet 
above present sea-level, northwest of the 
mouth of the Gellibrand River. They 
contain talus material from cliffs of dune 
limestone, which partly overhang the 
terrace and are principally products of 
the disintegrating dune limestone. 
Recent fixed sand dunes on top of the 
dune-limestone cliffs in this neighbor- 
hood occur as eight parallel ridges trend- 
ing east-west at an angle to the coastline. 
They are comparable in composition 
with the recent beach sands and allied in 
composition to the dune limestone of this 
district. Recent sand dunes on the south- 
east bank of the Gellibrand River mouth 
and at the mouths of the Curdie and 
Sherbrook rivers are only partially fixed; 
they are important factors in causing 
most of the river mouths to be deflected 
to the west and indicate a general west- 
erly drift of sand along these parts of the 


?3 Baker, op. cit. 
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coastline. The sand is arrested in its 
westward migration by high, almost ver- 
tical, cliffs, trending approximately at 
right angles to the trend of the dunes. 
Sand dunes on the west bank of the Sher- 
brook River mouth have grown to 
heights of 50-100 feet by gradual bank- 
ing up against vertical cliffs formed in the 
Tertiary rocks by the combined action of 
marine attack and erosion by the Sher- 
brook River in its early stages—probably 
when sea-level was lower during Pleis- 
tocene glaciation. The continued build- 
ing-up of these sand dunes since the 
glacial epoch has led to the burial of the 
Tertiary cliffs on the west bank of the 
Sherbrook River mouth, but in parts the 
tops of these cliffs have been exhumed by 
small flood-water channels cut through 
the sand dunes. The dunes here are 
partly fixed by vegetation, while small 
areas have been fixed by a layer of duri- 
crust 3-13 inches thick, the sand grains 
being cemented together by calcium car- 
bonate. The Recent sand dunes are most 
extensively developed at the mouths 
of the major watercourses of the dis- 
trict, so that at Peterborough and Prince- 
town they are prominent features at the 
mouths of the Curdie and Gellibrand 
rivers and are situated on the eastern 
banks in each instance. These dunes 
have seaward slopes of up to 38° and ex- 
tend inland for about ? mile at each lo- 
cality as a series of parallel ridges. 

Beach ridges are frequently formed 
across the mouths of the Sherbrook and 
Curdie rivers, across the mouth of Port 
Campbell Creek (Fig. 4), and occasion- 
ally partly across the mouth of the Gelli- 
brand River. They are periodically cut 
through in times of flood. 

In addition to the river-mouth beach 
ridges, sand ridges on the beaches at Two 
Mile Bay, Loch Ard Gorge, London 
Bridge, and at a locality a few yards 








northwest of Castle Rock (Fig. 29) have 
been formed independently of stream ac- 
tion. The largest, at Two Mile Bay, is 
70 chains long and over 50 feet high, with 
a seaward slope of 30° and a landward 
slope of 21°. Its relationship to the ad- 
jacent coastline and “inland cliffs” has 
been fully described by Jutson.*4 The 
beach ridge northwest of Castle Rock is 
20 feet high, about 50 yards long, and 
slopes at 35° on both seaward and land- 
ward sides. It connects talus cones ac- 
cumulated at the base of each of the high 
headland cliffs at the mouth of a small 
bay and, although partly vegetated, is 
slowly migrating, under the influence of 
wave attack and wind erosion, toward 
the base of the cliffs at the head of the 
bay. A crescent-shaped depression be- 
tween the cliffs and the sand ridge is be- 
ing filled with debris caused by rock falls 
from the cliffs and with sand blown over 
the crest of the ridge, giving it a hum- 
mocky surface. Where the base of the 
cliffs is undercut (see Fig. 29), the forma- 
tion of stalactitic incrustations on the un- 
dercut walls indicates some degree of an- 
tiquity for the sand ridge. This ridge has 
been formed under the protective influ- 
ence of the long, narrow promontory, 
Castle Rock, and the rock stack situated 
a short distance northwest of this prom- 
ontory (Fig. 29). 

Sand ridges in the east and west arms 
of Loch Ard Forge, which have been 
built up to heights of 12-25 feet between 
steep, high cliffs and have seaward slopes 
up to 27°, act as protective barriers to 
marine attack on the sea caves at the 
head of the gorge. The cave-mouth beach 
ridge on London Bridge Beach’> has 
grown in a southeasterly direction from 
a talus cone situated 25 yards west of 
the cave. This ridge slopes 28° seaward 


24 Op. cit., p. 51. 
25 [bid., p. 50. 
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and from 8° to 25° landward. In the de- 
pressions at the rear of this sand ridge, 
one observed method of the cliffward mi- 
gration of the sand is by the development 
of circular wind whisks, which travel in 
spiral fashion up slopes, lifting sand par- 
ticles to heights of 8 or 9 feet and carry- 
ing them over the crest of the ridge into 
the succeeding depression. 

Differences in the seaward slopes of the 
dunes and ridges along the Port Camp- 
bell coastline depend upon the frequency 
with which their seaward faces are at- 
tacked by waves; but the greater differ- 
ences in landward slopes are controlled 
by proximity to vertical and overhanging 
cliff faces, where minor but complex 
wind currents result from reflection. The 
trend and height of cliff faces along the 
coastline are the dominating factors in 
controlling the positions of development 
and alignment of those recent sand dunes 
and ridges built up at the base of the 
cliffs. 


RECENT CHANGES ALONG 
THE COASTLINE 

A number of notable physiographical 
changes have occurred in the Port Camp- 
bell coastal district during the past few 
years. The “trunk” portion of Elephant 
Rock, a promontory on the west side of 
Loch Ard Gorge, was destroyed by storm 
action in 1935. This change is illustrated 
in Figures 21 and 22, where it is seen that 
the “trunk” portion is now represented 
by a headland reef. The same storm 
swept away the upper portion of one of 
the rock stacks (known locally as the 
“Sphinx’’) in the Bay of Islands group, 
reducing the height of the stack to less 
than one-half (see Figs. 26 and 27). Large 
elongated slabs of rock which had been 
previously loosened along joint and bed- 
ding planes were spalled from the sides 
of a sinuously elongated rock stack on the 
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western side of the Bay of Islands during 
the same storm. 

Rock falls have been noted on several 
occasions during the last fifty years, and, 
some of these are now almost removed 
by storm waves. One recent and notable 
fall along this coastline was witnessed by 
Mr. J. Hennessy, of Port Campbell, and 
a companion four years ago. This land- 
slide occurred from the cliff faces west of 
Sentinel Rock, to which the observers 
were attracted by a loud report as of 
gunfire. They found that a large section 
of the cliffs some 10 chains long and ex- 
tending 40 feet from the cliff edge had 
slumped into the sea, discoloring it for 
considerable distances from the cliff base. 
The surface of the ground near the cliff 
edge was reported by the observers to 
have been still quivering when they ar- 
rived at the spot. The enormous amounts 
of fresh rock debris at the base of the 
cliffs at this locality and the huge, freshly 
fractured limestone blocks, some over 60 
feet across, bear testimony to the recent 
occurrence and magnitude of the land- 
slide here, while the upper portions of the 
cliffs from which it was derived are much 
fresher in appearance than adjacent cliff 
faces. 

Other evidence of rapid changes in re- 
cent years is supplied by the destruction 
of some of the sets of steps cut through 
the vertical cliffs in the last fifty years. 
Thus the middle portion of Ivory Steps, 
constructed about twenty years ago in 
the cliffs opposite the Baker’s Oven 
Rock, was broken away in 1932; together 
with a large section of the cliff through 
which they were cut. Similarly, a set of 
uncompleted steps at a locality { mile 
northwest of Castle Rock have been de- 
stroyed by wave action. Fifty years ago 
these steps were cut from the base of the 
cliffs upward but ceased roo feet up the 
cliff face, owing to constructional diffi- 
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culties. Since their construction, the low- 
er 60 feet of the steps have been swept 
away, and the cliff face here is now deep- 
ly undercut. A few of the sets of steps 
cut through the cliffs of this coastline 
have been rendered unserviceable by the 
extensive surface creep of soils and clays 
down them. The vigor with which some 
of the headlands in the area have been 
attacked in the last thirty years is indi- 
cated by the opening of cracks along 
joint-plane directions at Point Hesse 
Steps and at a point a few yards west of 
Hennessy Steps (east of Broken Head). 

Changes brought about by transporta- 
tion and deposition of sediment are not 
so obvious as erosion changes and are 
frequently of only a temporary character. 
The cave at the west end of Rutledge’s 
Beach supplies evidence of changes in 
tidal regime, for, when flood currents pre- 
vail over ebb currents, the floor of the 
cave is sandy. This was the condition ob- 
served in January, 1935, and January, 
1941. In the same month of the inter- 
vening years sand removal exceeded dep- 
osition, and the floor of the cave was 
rocky, with a gulch 6 feet deep in it, thus 
indicating that at these periods ebb cur- 
rents prevailed over flood currents. Dur- 
ing the early stages of its removal much 
of the sand swept from this cave and 
from the neighboring beach accumulated 
in rock pools on the wave-cut platform of 
the foreshore, resulting in a seaward ex- 
tension of the sandy beach; the sand in 
these parts was later removed and spread 
farther out to sea over the abrasion plat- 
form. Some measure of the quantities of 
sand shifted during such operations of 
marine tides and currents can be gained 
from the changes that occur in a small 
cave at the base of the cliffs west of the 
Sherbrook River. In January, 1941, this 
cave contained sand 6 feet above beach 
level (Fig. 17). In previous years the gen- 











eral level of the beach was some 2 or 3 
feet lower than now, and at high tides 
the cave was attacked by the waves 
Thus a depth of 9 feet of sand has been 
temporarily accumulated at this locality. 
According to Mr. J. Hennessy, the sea 
does not extend so far inland along the 
small estuary of Port Campbell Creek 
during high or storm tides in the harbor 
as it did thirty-five years ago. This 
shows that the bayhead beach of Port 
Campbell harbor is gradually being 
built up to form an effective barrier to 
the waves, preventing encroachment of 
the sea along the lower reaches of Port 
Campbell Creek. 


SUMMARY AND CONCLUSIONS 


The denudation chronology of the 
Port Campbell limestone coastline is not 
clearly defined because of the occurrence 
of several geologically recent oscillations 
of sea-level. The effects of erosion at ear- 
lier levels of the sea have been wiped out 
by those at later levels, principally on 
account of the structurally weak nature 
of the soft rocks composing the coastline. 
Positive and negative movements of the 
shoreline are regarded as due to eustatic 
changes of sea-level consequent upon al- 
ternating glaciation and deglaciation 
during the Quaternary period. Indica- 
tions are that the Port Campbell coast- 
line is of late youth development on a 
coast showing submergence principally. 
Gregory regarded Port Campbell harbor 
as a drowned river valley of the rias 
type, formed by land subsidence; and 
Jutson has suggested the possibility of 
uplift and sinking of the land to account 
for some of the coastal features.?’7 Al- 
though differential land movements can- 
not be specifically excluded from expla- 
nations of the nature of this coastline, 
26 Op. cit., pp. 40 and 56. 

27 Op. cit., p. 54. 
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the writer believes that the inferred fluc- 
tuations of sea-level relative to the land 
have most probably been due to eustatic 
oscillations alone. 

The profile of the shoreline is youthful 
for the most part between the Gellibrand 
and Curdie rivers, but at Two Mile Bay* 
it is of a more mature character, and at 
this locality has probably followed 
stages of development similar to those 
outlined by S. W. Wooldridge and R. S. 
Morgan.*? Growth of a wide shore bench 
here has resulted in loss of wave power. 
As the load of debris increased with in- 
crease of cliff height at this particular lo- 
cality, the erosive power of the waves at 
the foot of the cliffs has decreased, and 
since then the cliff top has receded, by 
atmospheric erosion alone, faster than 
the base. The double curve of erosion®° 
was thus formed with the building of al- 
luvial cones at the base of the cliffs, and 
the cliff profile has reached maturity at 
this part of the coast. In the meantime 
an offshore bar developed upon the irreg- 
ular surface of the shore bench, on which 
a planed rock stack stood toward the 
eastern end. The offshore bar later be- 
came a sand ridge, behind which the low- 
lying area was gradually silted up by 
sand blown over the ridge and by debris 
washed down several small gullies from 
the neighboring coastal region. 

The coastline is of compound nature, 
as some of the shoreline features reflect 
the characteristics of an emergent shore- 
line, others that of a submergent coast- 
line. Thus, under the first category there 
is evidence of the continual rejuvenation 
of the smaller watercourses forming hang- 
ing valleys, while larger streams have 


28 Thid., p. 56. 


29 The Physical Basis of Geography (New York: 
Longmans, Green & Co., 1937), p. 331- 


3° Jutson, op. cit., p. §2. 
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cut down to sea-level. A former lagoon 
at Two Mile Bay has been silted up, and 
the offshore bar has migrated in a land- 
ward direction under wave attack. Proc- 
esses like this are considered to indicate 
emergence** and would be equivalent to 
lowering of sea-level during a late Qua- 
ternary period of glaciation. On the 
other hand, the presence of caves, blow- 
holes, drowned valleys, stacks rising 
above the abrasion platform, and crenu- 
lations of the coastline in plan suggest 
that a late youthful stage has been 
reached on a coastline indicating sub- 
mergence,** such as one would expect 
from the rise of sea-level after the last 
glaciation. 

Shepard’s*’ thesis relating to the im- 
portance of glacial control of sea-level 
seems well sustained by-the Port Camp- 
bell coastline. Retrogradation at present 
dominates over progradation. Coastline 
features in parts dominate those of the 
shoreline in their general effect on the 
landscape, indicating a submergent type 
of coast. In other parts the results of 
shoreline processes dominate the land- 
scape and suggest the emergent type. 
Since coastline and shoreline features 
cannot be rigidly separated in practical 
application,*4 the combination of the two 
indicates a compound shoreline, in which 
the consequences of submergence are 
rather more conspicuous than those of 
emergence. 

The initial coastline was a direct re- 
sult of regional movement of the land, a 
plain of marine sedimentation emerging 
after the Miocene epoch. This plain has 
been subsequently covered by a veneer of 
Quaternary deposits, and its seaward 


3 Wooldridge and Morgan, op. cit., p. 350. 


32 Tbid., p. 349. 
33 Op. cit., pp. 602-24. 


34 Wooldridge and Morgan, op. cit., p. 360. 
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margin has been subjected to vigorous 
marine attack at different levels of the 
sea during Quaternary glaciation, so that 
sequential forms of the coastline were al- 
ternately of the submergent and the 
emergent types. The present configura- 
tion of the coast is primarily the result of 
marine agencies, corresponding to type 
IlA2 of Shepard.** The streams on this 
plain cut back and graded themselves in 
their lower reaches in response to lower 
levels of the sea; but, with deglaciation 
and diminishing load, the rivers lowered 
their slopes upstream, entrenching them- 
selves, and at the same time aggradation 
in the downstream portions buried the 
trenches.*° It is therefore evident that 
the mouths of Port Campbell Creek and 
of the Curdie, Gellibrand, and Sherbrook 
rivers have been alternately estuaries 
and gorgelike river trenches. The floors 
of the once submerged and estuarine val- 
leys of the larger watercourses are now 
silting up by the deposition of alluvium 
along their lower reaches, while sand 
dunes and sand ridges have been built up 
at their mouths. 

The formation of a terrace 30-40 feet 
above present sea-level in the Tertiary 
clays and Pleistocene dune limestone 
near Princetown, the building-up of this 
dune limestone in five or six successive 
stages to some 300 feet in thickness, and 
the occurrence of prominent notches and 
ledges with perched talus cones (vegetat- 
ed) in the more protected portions of the 
Tertiary clifis, at heights of 40 (see Fig. 
15) and 60-70 feet above present sea- 
level, strongly suggest that these fea- 
tures were formed at different past sea- 
levels. It must not be overlooked, how- 
ever, that possible causes for some of the 
higher notches and ledges are subaerial 


35 Op. cit., pp. 602-24. 


36 Wooldridge and Morgan, op. cil., p. 423. 














386 


erosion along structural planes in the 
weak Tertiary rocks and the action of 
storm waves that attain considerable 
heights on the cliff faces in the more ex- 
posed portions of the coastline. 

Progradation of the land has oc- 
curred on a small scale at the head of 
Port Campbell harbor and on a larger 
scale in the Princetown district, where 
the Gellibrand River and Latrobe Creek 
have been engrafted as a result of con- 
siderable deposition of alluvium behind 
the river-mouth sand dunes of this area. 
These streams unite about { mile from 
their common mouth, whereas previously 
their separate mouths were probably 
some distance apart. 

The main recent changes along the 
Port Campbell coastline have been due 
more to erosion than to deposition; and 
the work of the heavy seas and storms 
has been concentrated principally upon 
the enlargement of caves, tunnels, and 
arches, the carving-out of benches and 
notches at various heights in the lower 
levels of the cliff faces, the reduction of 
rock stacks, and the formation of large 
landslides. The destructive work of the 
sea has been greatly facilitated by the 
soft nature of the Tertiary rocks and the 
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presence of lines of structural weakness. 
Marine erosion of the calcareous rocks 
forming the cliffs has also been materially 
aided in places by chemical weathering 
by surface waters (rain and salt spray) 
and by solution along structural lines by 
underground water. As such erosional 
changes have been taking place for some 
considerable time and are relatively rapid 
in operation, vertical cliffs have been 
maintained in the soft Tertiary rocks, 
and the coastline is being constantly ret- 
rograded over its major part, cliff heights 
increasing with regression in some parts, 
decreasing in other parts according to the 
undulating surface of the upland. 

The fact that there are deeper and 
longer gorges, tunnels, and caves and 
more numerous wave-cut benches at var- 
ious heights up cliff faces and that all the 
rock stacks occur along the coastline 
where the trend is northwest-southeast, 
while such features are less pronounced 
or wanting where the coast runs east and 
west (see Fig. 3), is due to greatest wave 
activity from a southwesterly direction, 
thus striking the northwest-southeast 
trending coast at right angles, but 
striking the east-west trending portion 
obliquely. 
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BASAL HURONIAN CONGLOMERATES OF MENOMINEE 
AND CALUMET DISTRICTS, MICHIGAN 


F. J. PETTIJOHN 
University of Chicago 
ABSTRACT 

The contacts of the Huronian and the granitic masses northeast of the Menominee and north of the 
Calumet districts, respectively, proved to be unconformities as earlier postulated by W. S. Bayley and his 
co-workers. Basal conglomerates truncating the foliation of the basement gneiss were found below the Lower 
Huronian Sturgeon quartzite in five key areas mapped in detail. No intrusive granite was found. 

In the Fern Creek area (Sec. 34, T. 41 N., R. 29 W.) the basal conglomerate is overlain by an argillite con- 
taining numerous ice-rafted granite blocks, which in turn is overlain by a tillite. The tillite, though limited 
in extent, is unique in the Southern Subprovince. 

INTRODUCTION ported the earlier Archean-age interpre- 
tation. At a later date, however, Dickey 
suggested a post-Lower Huronian and 
pre—Middle Huronian age for the same 
granites.* This interpretation is a radical 
departure from all earlier views. 

Most of the discussion has centered on 
Lamey’s ‘Republic granite,” though 
both Lamey and Dickey have discussed 
the age relations of the granites south of 
the Felch Huronian trough. The writer’s 
contribution to the problem consists in 
field study of the granite-Huronian con- 
tact northeast of the Menominee Iron 
Range and north of the Calumet district. 

The granitic complex northeast of the 

‘Cc. me. Ve ise ’.S Bayley, “The Mar- "8 ‘ ead é 

C. R. Van Hise and W. S_ Bayley, “The Mar-  tyronian of the Menominee district was 
quette Iron-bearing District of Michigan,” U.S. - F z 
Geol. Surv. Mono. 28 (1897); J. M. Clements and designated Archean by Bayley in his 
H. L. Smyth, “The Crystal Falls Iron-bearing Dis- monograph on the area. On the maps ac- 
ric Michigan,” U.S. Geol. Surv. 1 . 36 F . 
trict of Michigan,” U.S. Geol. Surv. Mono. 36  companying the report, Lower Huronian 
(1899); Bayley, “The Menominee Iron-bearing 7 - ting . 
District of Michigan,” U.S. Geol. Surv. Mono. 46 Sturgeon quartzite is shown in contact 
(1904). with the Archean along the whole of the 

? “Granite Intrusions in the Huronian Forma- Hyronian pre-Huronian boundary. Bay- 
tions of Northern Michigan,” Jour. Geol., Vol. ley described conglomerates alon » the 
XXXIX (1931), pp. 288-95; “The Intrusive Rela- “©Y COSCTIDOE® CONIC & 
tions of the Republic Granite,” ibid., Vol. XLI contact in the Pine Creek area, at Black 
(1933), pp. 487-500; “Some Metamorphic Effects Creek, and at the falls of the Sturgeon 
of the Republic Granite,” ibid., Vol. XLII (1934), . 5G 

c ° . Te N ~ st s cas 
pp. 248-63; “The Palmer Gneiss,” Bull. Geol. Soc. River. Since Lamey hha cast doubt = 
Amer., Vol. XLVI (1935), pp. 1137-61; “Republic the earlier interpretation of the relations 
Granite or Basement Complex?” Jour. Geol., Vol. 
XLV (1937), pp. 487-510. 

3 “The Granitic Sequence in the Southern Com- 
plex of Upper Michigan,” Jour. Geol., Vol. XLIV 
(1936), pp. 317-40. 


The age of the granites and related 
rocks of the Upper Peninsula of Michi- 
gan has been the subject of controversy. 
The majority of the intrusives had been 
regarded as Archean by C. R. Van Hise 
and his co-workers.’ In later years evi- 
dence of a post-Huronian age of some of 
the granite has been accumulated. C. A. 
Lamey,? in particular, has held the view 
that the “Republic granite,” the main 
part of the “Southern Complex” of the 
older workers, was post-Huronian or Kil- 
larney in age. This view was recently 
challenged by R. M. Dickey,’ who sup- 


4 “The Ford River Granite of the Southern Com- 
plex of Upper Michigan,” ibid., Vol. XLVI (1938), 
pp. 321-32. 


5 Op. cit., pp. 189-99. 
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at the latter place, a restudy of these con- 
glomerates seemed advisable. To that 
end this study was begun; but before it 
had progressed very far the finding of 
conglomerate float near Fern Creek led 
to the discovery of hitherto undescribed 
exposures of conglomerate, which show 
unequivocally the pre-Lower Huronian 
age of the granitic complex in question. 
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W., where Fern Creek crosses the Ar- 
chean-Sturgeon contact. It may be 
reached by automobile by following a 
secondary road leading northward from 
County Road 573 where the latter crosses 
Pine Creek. It is about three miles north- 
east of the town of Norway. 

The rocks of the Fern Creek area fall 
into three groups. Oldest are those of the 
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Similarly, discovery of conglomerate at 
the Sturgeon-granite contact in the 
Browning Creek area at the west end of 
the Calumet granite mass confirms its 
pre-Huronian age. The purpose of this 
paper is to describe these critical out- 
crops and their bearing on the general 
problem of the age of the granites. 


THE MENOMINEE IRON-BEARING 
DISTRICT 
The Fern Creek area lies mainly in the 
north half of Section 34, T. 40 N., R. 29 








Archean granite-gneiss complex. Next 
are the Lower Huronian metamorphosed 
sediments, now tilted to vertical position 
and resting unconformably on the Ar- 
chean basement. Youngest are a number 
of large dolerite dikes. 

At this locality, as at most other 
places along the Archean-Huronian con- 
tact, the granitic Archean forms an up- 
land, while the Huronian is mainly con- 
cealed by a drift-filled lowland. The line 
of contact, therefore, is marked by prom- 
inent gneissic bluffs overlooking lower 
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ground. The Sturgeon quartzite of the 
Lower Huronian, unlike the other Hu- 
ronian strata, is more resistant, and 
hence it commonly forms prominent 
ridges, some of which rival those of the 
Archean itself. Normally there is a per- 
sistent and well-defined but narrow val- 
ley between the quartzite and the near- 
est outcrops of Archean. The valley is 
the topographic expression of weaker 
quartz slates, graywackes, and conglom- 
erates. In the Fern Creek area the latter 
are exceptionally well exposed. 

The Archean gneiss is uniform over 
the whole area examined between the 
Sturgeon River and the upper part of the 
Pine Creek Valley. In spite of a regional 
uniformity, however, it displays many 
local variations. No two outcrops are ex- 
actly alike. The principal phase is a well- 
foliated pink granite gneiss, which has, 
in some places, large augen-like pheno- 
crysts of pink orthoclase. Less common 
is a more massive nonfoliated granite. 
In the gneiss there are many dark inclu- 
sions of partially digested basic rock 
probably highly altered greenstone. 
These fragments vary from large black 
biotite- and hornblende-rich masses with 
sharp angular borders to lighter-colored 
fragments of vague outlines and to ghost- 
like remnants. Some are decidedly sheet- 
like and locally form a volume equal to 
or greater than the injected gneiss. The 
gneiss is modified in some places, appar- 
ently by assimilation of much of this ma- 
terial, to a gray color. All these con- 
tained phases, as well as the true gneiss 
and granite, are invaded by reddish 
aplites and pegmatites. The latter are 
frequently irregular and lack sharp 
boundaries. Numerous gash veins of 


white quartz cut all members of the 
gneiss complex. 

In the Fern Creek area the foliation of 
the gneiss varies between N. 30° W. and 
N. 10 E. 


In only a very few places is 





there any marked deviation from the re- 
gional trend. A linear structure, repre- 
sented mainly by elongated quartz, is 
present, though not conspicuous. It is 
now apparently nearly horizontal and 
has, as noted in several places, a low 
pitch southward. 

The most impressive occurrence of 
conglomerate is not along Fern Creek it- 
self but in the valley of a small stream in 
the northeast one-quarter of the north- 
west one-quarter of Section 34, T. 40 N., 
R. 29 W. Where the conglomerate is ad- 
jacent to the Archean gneiss, it resembles 
the conglomerate of other localities sim- 
ilarly situated. It is massive, pink- 
weathering, and, where partially lichen- 
covered, it bears a superficial resem- 
blance to the gneiss. Close inspection 
shows a lack of bedding and a profusion 
of angular and subangular blocks. These 
are predominantly pink granite gneiss 
and granite with some vein quartz and 
rare basic-schist fragments set in an 
arkosic matrix. The fragments range 
from small pebbles to boulders several 
feet in diameter. The matrix is sub- 
ordinate to the fragments in volume and 
occupies the interstices between them. 

The gneiss-conglomerate contact may 
be seen at three places in the Fern Creek 
area. It is sharply defined and easily 
located. It is unsheared and cannot, 
therefore, be a fault. Moreover, the 
gneiss adjacent to the contact shows no 
evidence of an intrusive relation. Since 
the foliation of the gneiss varies from 
N. 30 W. to N.10°E. and since the 
gneiss-conglomerate contact, as located 
by mapping, strikes N. 50° W., it is evi- 
dent that the contact is an unconformity 
of first magnitude. 

Above the conglomerate described is a 
darker phase which, for lack of a better 
term, may be called a “graywacke con- 
glomerate.”’ Unlike the lower pink 
arkosic conglomerate with its profusion 
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of fragments, the graywacke conglomer- 
ate is nearly black in color and has but a 
few fragments, which are scattered in 
sporadic fashion in a fine-grained gray- 
wacke matrix. The fragments, though 
few, are similar in kind to those in the 
arkosic conglomerate. They vary greatly 
in size. The largest observed was a gneis- 
sic-granite boulder over 5 feet long. Bed- 
ding is lacking, though a rude schistosity 
is generally present so that the rock 
cleaves into large slabs. 

Finely laminated phyllites lie between 
the two conglomerates. These slatelike 
beds, only a few tens of feet thick, have 
embedded in them occasional large cob- 
bles. A conspicuous slaty cleavage strikes 
east-west and crosses the bedding, which 
strikes about N. 50° W. 

The lower arkosic conglomerate is 
quite evidently a basal deposit—a rubble 
made up of debris derived from the un- 
derlying Archean. The upper graywacke 
conglomerate is of different origin. The 
sporadic nature of the fragments, the dis- 
crepancy between their size and the fine- 
grained graywacke matrix, the lack of 
bedding of the latter—all remind one 
of a tillite. The obviously rafted nature 
of some of the large cobbles in the lami- 
nated phyllites further suggest ice action. 

The Sturgeon quartzite forms a prom- 
inent strike-controlled ridge in the west- 
ern part of the area. The beds strike 
N. 45° W. to N. 55° W. and dip about 
80°-85° southwest. The quartzite ex- 
posed is typical Sturgeon. It is a well- 
bedded white quartzite with a profusion 
of ripple-marks and cross-bedding. In- 
dividual beds vary from 1-2 inches to 
1-2 feet in thickness. The total thick- 
ness estimated from the width of out- 
crop mapped is about 1,000 feet. 

The failure of quartzite outcrops 
southeastward is not easily explained. 
Possibly the shattering accompanying 
the cross faulting made the formation 
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more susceptible to erosion. Possibly the 
quartzite is overlapped by Upper Huron- 
ian slates and is therefore not present at 
all. No outcrops of the Randville dolo- 
mite, which normally overlies the quartz- 
ite, were seen by the writer, though low, 
inconspicuous exposures are reported by 
Bayley in the northeast one-quarter of 
Section 33, T. 40 N., R. 29 W. 

Several large dolerite dikes cut the 
granite-gneiss. The largest of these oc- 
curs in the southeast corner of the 
mapped area and along the south side of 
the rapids in Fern Creek. The dolerite is 
without schistosity, and it exhibits 
chilled borders against the Archean. At 
no place was it found in contact with the 
Huronian. Nevertheless, it is probably 
younger than these beds, since similar 
dikes were observed by Bayley® to cut 
the Sturgeon quartzite in the upper Pine 
Creek area. Moreover, the gabbro of the 
Black Creek locality cuts the Huronian 
as well as the Archean. 

Older basic dikes are present also, 
since one basic dike, seen to cut the folia- 
tion of the gneiss, had a marked schistos- 
ity parallel to that of the Huronian con- 
glomerates. The dike is, therefore, pre- 
deformation in age and possibly pre- 
Huronian. 

As pointed out elsewhere, the Huron- 
ian beds are tilted to a near-vertical posi- 
tion with northwest-southeast strike and 
southwest dip. These beds bevel the foli- 
ation in the underlying gneiss. It is ap- 
parent, therefore, that the foliation ante- 
dates the deformation responsible for 
the tilting of the overlying Huronian. A 
graphic solution of the two-tilt problem 
shows that the gneissic foliation had a 
northeast strike and a northwest dip 
prior to the Huronian folding. 

Apparently the post-Huronian defor- 
mation did not impose any marked sec- 
ondary structure on the gneiss, though, 


6 Ibid. p. 192. 
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as noted in the preceding section, some 
basic dikes which cut the gneiss did ac- 
quire a slight schistosity. 

The simplicity of the structure of the 
Fern Creek area is partly lost as a result 
of cross faulting. The best-defined fault 
is the westernmost of the two larger 
faults. This fault apparently strikes 
northeast. Its dip is unknown but prob- 
ably high. The slip is also unknown and 
cannot be calculated, since the fault 
plane was nowhere seen. The offset, esti- 
mated from the map, is about 500 feet. 
Probably this fault is responsible for the 
presence of the conglomerate outcrops of 
this area. Normally, the conglomerates 
are concealed beneath a drift cover in 
low ground between the quartzites and 
the gneiss. In this case, however, the 
cross fault has produced a triangular re- 
cess or alcove bounded on two sides by 
erosion-resistant granite gneiss. The 
conglomerates in this re-entrant have 
thus been protected from lowering by 
glacial erosion. 

A second or eastern cross fault is less 
definitely mapped. Its existence is in- 
ferred because of an offset in the line of 
Archean bluffs and because of the small 
conglomerate outcrop near the road 
bridge over Fern Creek, the projected 
strike of which runs into the Archean 
gneisses. A well-established third fault 
produces a small offset in the argillite 
member of the conglomerate complex. 
The direction of movement of this fault 
is in harmony with that inferred for the 
principal cross faults. 


FALLS OF THE STURGEON 
The falls of the Sturgeon River (Sec. 
8, T.39 N., R. 29 W.) is perhaps the 
most famous locality for study of the 
Archean-Huronian contact. This place 
was early described by H. Credner,’ T. 
7“Die vorsilurischen Gebilde der ‘obern Halb- 


insel von Michigan,’ in Nord Amerika,” Deutsch. 
geol. Gesellsch., Vol. XXI (1869), pp. 516-54. 





B. Brooks,* C. Rominger,? and R. D. 
Irving.’ In the monograph on the Me- 
nominee iron-bearing district Bayley 
gave an accurate description of the geol- 
ogy of this classic locality. Since Lamey™ 
has recently cast doubt on Bayley’s in- 
terpretation, it seemed desirable to re- 
examine this section, as well as others 
cited by Bayley as evidence for the un- 
conformity at the base of the Huronian. 

The Sturgeon River occupies a pic- 
turesque gorge cut through the quartzite, 
which bears the same name. The falls, 
however, are over a large diabase dike, 
which cuts the pink Archean gneiss 
northeast of the quartzite gorge. On the 
site of the falls is now ‘built a concrete 
dam used to impound waters for the hy- 
droelectric plant of the Wisconsin and 
Michigan Power Company. The gen- 
erating plant itself is located on the Hu- 
ronian conglomerate beds. 

The contact between the conglomer- 
ate and strongly foliated granite gneiss 
can readily be seen about 50 paces north- 
east of the power-house. The lowermost 
conglomerate is in reality a breccia 
charged with numerous angular blocks 
of the reddish gneiss. The contact be- 
tween this rock and the gneiss is un- 
sheared and somewhat irregular. It not 
only truncates the foliation of the gneiss 
but also bevels a pegmatite dike which 
cuts the gneiss. Above the breccia are 
coarse conglomerates essentially similar 
to the breccia except for the better 


8 “Tron-bearing Rocks (Economic),” Geol. Surv 
Mich., Vol. I (1873), Part I, pp. 157-82; ‘‘The 
Geology of the Menominee Iron Region (East of 
the Center of R. 17 E.), Oconto County, Wiscon 
sin,” Goel. of Wisc., Surv. 1873-79, Vol. III (1880), 
pp. 407-68. 

9 “Menominee Iron Region,” Geol. Surv. Mich., 
Vol. IV (1881), pp. 190-92. 

to “The Greenstone Schist Area of the Menomi 
nee and Marquette Regions of Michigan, Explana- 
tory and Historical Notes,” U.S. Geol. Surv. Bull. 
62 (1890). 


™t “Republic Granite.... ,” op. cit., pp. 506-7. 

















rounding of the fragments. Some gray- 
wacke is associated with these higher 
beds. 

On the east side of the river there is a 
considerable interval with no outcrops 
between the true Sturgeon quartzite and 
the above-described conglomerates. Ex- 
amination of the west bank, however, 
shows that the concealed rocks are fissile 





£2 


BASAL HURONIAN CONGLOMERATES, MICHIGAN 


393 


by study of both sides of the Sturgeon 
River is the correct one is fully demon- 
strated by examination of the Black 
Creek area but 13 miles farther west. 


BLACK CREEK 


Bayley” noted the occurrence of a 
basal conglomerate along Black Creek 
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quartz slates and thin-bedded red arko- 
sites. The sequence exposed on this side 
is not complete since the heavy conglom- 
erate beds are entirely lacking. The ab- 
sence of these beds is due to an oblique 
fault which brings the red arkosite in con- 
tact with reddish Archean gneiss. The 
contact is strongly sheared and heavily 
charged with sulphides. 

That the section thus pieced together 
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where that stream crosses the Huronian- 
Archean contact in the south half of 
Section 6, T. 39 N., R. 28 W. Re-ex- 
amination of the Black Creek section 
proved Bayley’s map and description 
to be essentially correct in all particu- 
lars. The unconformity at the base 
of the Huronian and the nature of 
the lowermost Huronian beds are better 


12 Op. cit., p. 194. 
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shown at this place than at any other lo- 
cality seen by the writers. 

Black Creek flows southwestward, es- 
sentially at right angles to the Archean- 
Huronian contact. On the west a small 
tributary flowing southeastward along 
the contact has, as is usual, produced a 
low area separating the quartzites from 
the Archean gneiss and conglomerates, 
which cling to the latter. On the east 
side of Black Creek, however, is a large, 
resistant, northeast-trending dikelike 
mass of coarse gabbro, which is intrusive 
into both the Archean and the Huronian. 
Owing to this, the usual contact valley 
is missing. The weaker transition beds 
between the conglomerate and the 
quartzite, so rarely exposed, crop out at 
the base of the ridge produced by the 
gabbro. 

The conglomerates exposed in numer- 
ous outcrops on both sides of Black 
Creek are very much like the lower beds 
at both Fern Creek and the falls of the 
Sturgeon. Numerous large and small 
angular blocks of pink foliated gneiss and 
granite are welded together by an arkosic 
quartzite. Vein quartz is conspicuous, 
especially in the upper beds. A very few 
greenstone pebbles are present. The ac- 
tual contact of conglomerate and gneiss 
is exceptionally well shown along the 
wood road on the west side of Black 
Creek. A well-exposed rock surface, just 
east of the road, shows a tightly welded 
contact which truncates distinctly foli- 
ated gneiss. The strike of the foliation is 
about N. 30° W. and the trend of the con- 
tact is roughly N. 70° W. 

The conglomerate outcrops can be 
readily followed southeastward across 
Black Creek to the base of the gabbro 
ridge. The exposures just east of the 
creek are especially fine, and here again 
the contact with the Archean is easily 
found. 





As noted above, the beds between the 
conglomerate and the quartzite are con- 
cealed in low ground on the west side of 
Black Creek. On the east side, however, 
their nature is revealed in several small 
outcrops along the base of the gabbro 
ridge. The massive basal conglomerate is 
succeeded by interbedded conglomerate 
and graywacke, and this in turn is re- 
placed by a pinkish arkosic quartzite and 
fissile quartz slates as one proceeds up- 
ward in the section. Finally, greenish 
quartzite, easily recognized as Sturgeon, 
appears above the aforementioned beds. 
About 125 feet of strata are exposed be- 
tween the gneiss and the lowest typical 
Sturgeon quartzite. 


PINE CREEK 


The Archean-Huronian contact is 
well exposed along the high bluffs of the 
upper Pine Creek basin in the north half 
of Section 32, T. 41 N., R. 29 W. These 
exposures were described and mapped in 
detail by Bayley. The writer re-exam- 
ined the outcrops and found them to be 
as Bayley reported. The conglomerate 
forms a plaster on a southwest-facing 
bluff of reddish Archean granite gneiss. 
The unsheared contact is readily located 
and is seen to bevel numerous quartz 
veins in the gneiss. Low ground inter- 
venes between the conglomerate and the 
nearest outcrops of the Sturgeon quartz- 
ite proper. 


CALUMET IRON-BEARING DISTRICT 
INTRODUCTION 


This area—now nonproductive—lies 
north of and is continuous with the Me- 
nominee iron-bearing district. A granite- 
gneiss complex forms the north margin 
of the Calumet Huronian trough. This 
granite mass also forms the southern 
border of the Felch Huronian syncline. 
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The granite was thought by Lamey*: to 
be post-Huronian in age, though it was 
regarded as Archean by Dickey™ and 
earlier investigators. This granite is but 
the southern tongue of a larger body, 
which, east of Felch, is a single mass but 
westward of that locality is split into two 
tongues, one north of and one south of 
the Felch trough. The southern or Calu- 
met granite, in turn, bifurcates again and 
forms two lesser tongues of granite- 
gneiss, one of which terminates in the 
Browning Creek area, Section 20, T. 41 
N., R. 30 W., while the other ends near 
Badwater Creek midway between Rand- 
ville and Granite Bluff (Sec. 8, T. 41 
N., R. 30 W.). According to published 
maps,"’ the Calumet granite tongue is in 
contact with the Upper Huronian Michi- 
gamme formation along its southern 
margin but is flanked by Sturgeon 
quartzite at its western terminus and 
along its northern border. Relations 
with the Sturgeon are best displayed in 
the Browning Creek area, and accord- 
ingly this place was mapped in detail. 
BROWNING CREEK AREA 

The granite-gneiss complex forms a 
rugged broken plateau above the lower 
drift-filled lowlands, which are under- 
lain by weaker Huronian slates and 
graywackes. In the north half of Section 
20, however, the more resistant Sturgeon 
quartzite crops out in numerous places 
and forms a topography as rugged as 
that produced by the gneiss itself. 

The Archean gneiss of this area has its 
usual appearance. It is pink in color, a 


weakly to markedly foliated rock con- 

"3 “Republic Granite... ., ” op. cit., pp. 502-6. 
™4“The Granitic Sequence....,” op. cit., pp. 
335-38. 


*sC. R. Van Hise and C. K. Leith, “Geology of 
the Lake Superior Region,” U.S. Geol. Surv. Mono. 
52 (1912), Pl. XXIII. 
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taining locally more basic inclusions. 
The whole complex is cut by a multitude 
of pegmatites, which are in turn cut by 
numerous quartz veins. Several large 
northwest-southeast trending dolerite 
dikes cut the entire complex. The folia- 
tion, shown by the orientation of the 
elongate feldspars and schlieren, trends 
east-west. 

The Sturgeon quartzite strikes N. 15° 
E. to N. 70° E., averaging about N. 35° 
E. The formation of this locality has the 
same megascopic appearance as it has 
throughout the Menominee Range. 
Abundant ripple-marks and cross-bed- 
ding indicate the top of the near-vertical 
beds to be westward. Slight overturning 
is common. 

The structure of the Archean base- 
ment is clearly beveled by the quartzite 
in this area, as it is in the Fern Creek 
locality on the Menominee Range. At 
no place were any granite dikes seen in 
the quartzite, nor were any quartzite in- 
clusions noted in the granite. In the 
southeast one-quarter of the northwest 
one-quarter of Section 20 the contact of 
the quartzite and the granite gneiss may 
be studied in detail. It is unsheared and 
unfaulted. Below the usual fine-grained 
vitreous quartzite of the Sturgeon and 
above the gneiss is a very coarse, green- 
ish-yellow sericitic quartzite. The weath- 
ered surface is minutely pitted and 
roughened, and it superficially resembles 
the granite. Large clastic quartz grains, 
4-3 inch in diameter, weather into re- 
lief, while the sericite-filled interstices 
are responsible for the pits. This phase 
is massive and devoid of bedding, though 
a rude foliation due to pressure is appar- 
ent. It appears to grade, in a distance of 
a few feet, into the granite. That this 
rock is neither a phase of the granite nor 
a granitized quartzite, however, is proved 
by its sharp contact with the normal 









bed above typical quartzite. Moreover, 
associated with it are two thin conglom- 
erate beds containing well-worn pebbles, 
1-2 inches in diameter, of vein quartz 


Sturgeon and its reappearance in a lesser 
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preted as a coarse quartzose residuum on 
the surface of the Archean basement re- 
worked by the advancing Huronian sea. 
With this interpretation the writer is in 
full agreement. The field evidence from 














OUTCROP MAP 
BROWNING CREEK AREA 
DICKINSON COUNTY, MICH 
SEC. 20, T.41.N., R.30W. 

b- breccia 

bd- basic dike 

c - conglomerate 
~~ top of beds 


oO 1000 
a 











_[ 

















| GEOLOGY BY FJ PETTIJOHN 1942 











Fic. 


and a black quartzite(?). The peculiar 
basal phase of the Sturgeon here exposed 
is apparently identical with similar mate- 
rial reported at the base of the quartzite 
in the Marquette area* and there inter- 


Van Hise and Bayley, op. cit., p. 231. 
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the Browning Creek area, particularly 
the truncation of the foliation of the 
gneiss by the Sturgeon, is incompatible 
with any interpretation except that of an 
unconformity. 

One isolated outcrop of a breccia, simi- 
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lar to that below the Sturgeon of the 
Menominee area, was discovered. The 
relation of this exposure to the typical 
Sturgeon is obscure. The rock is not cut 
by the granite with which it is in contact. 
It is marked by large and small frag- 
ments of granite and gneiss set in a feld- 
spathic matrix. It may be a brecciated 
phase of the granite gneiss and not Hu- 
ronian. 

The termination of the Sturgeon 
quartzite and its absence on the south 
side of the Calumet granite tongue were 
thought by Bayley and his co-workers to 
be due to unconformable overlap of the 
Michigamme formation. Field work by 
the writer, however, strongly suggests 
faulting. The Sturgeon quartzite strikes 
about N. 35° E. and is very abruptly cut 
off. Outcrops in the drift-filled lowland 
south of the quartzite and granite ledges 
are few. The great abundance of mica 
schist and graywacke in the local drift 
south of the inferred fault and the ab- 
sence of such materials north of this 
break leave little room for doubt that the 
bedrock of the covered area is graywacke 
and schist. Graywacke and slate, which 
crop out in the southeast one-quarter of 
Section 19, havea N. 70 W. strike. Nu- 
merous outcrops of quartz-mica schist 
and biotite granulite—presumably meta- 
morphosed Michigamme—which occur 
farther east in Section 26 of the same 
township, show abundant graded bed- 
ding. The top of the vertical-standing 
beds nearest the granite-gneiss complex 
is to the north, that is, toward the Ar- 
chean. This observation can be explained 
only by faulting. 


SUMMARY 


The contact of the Huronian with the 
granite gneiss has been shown to be a 
tilted angular unconformity. The con- 
tact, marked by basal conglomerates, 
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may readily be examined at five local- 
ities. At all places the granite gneisses 
are shown to be pre—Lower Huronian. 
The only post-Huronian intrusives are 
dolerite and gabbro dikes. 

Lamey’s"’ statement that the age of 
the conglomerates is unknown and that 
the conglomerates do not prove the age 
of the granite is not correct for the local- 
ities here reviewed. The occurrence of 
the conglomerate—that is, only along the 
gneiss-quartzite contact—the indisputa- 
ble evidence of an angular unconformity 
between the conglomerate and the base- 
ment rocks, and the conformity of the 
conglomerates and the quartzites demon- 
strated by the study of the transition 
beds exposed at both the falls of the 
Sturgeon and Black Creek remove all 
doubt as to the age and relations of the 
conglomerate to both the older and the 
younger formations. 

The tillite at Fern Creek should, per- 
haps, not be regarded as a basal phase 
of the Sturgeon. The mode of origin of 
this formation is so markedly different 
from that of the quartzite that to include 
it in the Sturgeon is to do violence to the 
principles of stratigraphic nomenclature. 
The name “Fern Creek formation’’ is 
given, therefore, to this deposit. The 
term should be applied not only to the 
tillite but also to the associated argillite 
with ice-rafted cobbles and to all the 
beds between the tillite and the Archean 
basement. 
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ABSTRACT 


Cored volcanic bombs were studied from several cones in the San Francisco Mountains of Northern 


Arizona and the Siberia Crater of eastern California. The variety, compositional changes, and possible 


sources of the core materials were analyzed. Some observations on the possible mechanics in the production 


of some special features of cored bombs are recorded. 


INTRODUCTION 


In the San Francisco Mountains of 
Arizona, Brady discovered volcanic cones 
from which had been ejected numerous 
bombs formed about xenolithic nuclei of 
a wide range of composition. Since 
bombs of this type are uncommon, a 
study was made (1) to determine the na- 
ture of the basement complex from which 
the cores were derived, (2) to suggest 
some mechanics of the bomb-forming 
process, and (3) to record the mineralogi- 
cal changes which these accidental inclu- 
sions underwent. Accordingly, the cinder 
cones of the San Francisco Mountains 
were surveyed to determine as far as pos- 
sible the distribution of bombs of this pe- 
culiar type. Similar bombs were discov- 
ered by Guy E. Hazen, of Beaumont, Cal- 
ifornia, from a cone near the station of 
Siberia on the Santa Fe railroad in east- 
ern California and were referred to the 
writers. Petrographic studies of bombs 
of both areas, as well as a field survey of 
the Siberian occurrence, were made by 


Webb. 


™ Presented at the summer meeting of the Geo- 
logical Society of America, Berkeley, California, 
August, 1939, under the title “Volcanic Bombs from 
Northern Arizona Cinder Cones.” 
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NORTHERN ARIZONA AREA 
GEOLOGIC SETTING 


The plateau of northern Arizona is 
composed of almost horizontal Paleozoic 
sedimentary rocks nearly 4,000 feet 
thick, with occasional thin remnants of 
Triassic (Moencopi) sandstone above. 
Beneath the Paleozoic in the Grand Can- 
yon proper lies the slightly tilted Algon- 
kian series, resting on the distorted Ar- 
chean. Superimposed on the Paleozoic 
platform are Tertiary and Quaternary 
basaltic cones and flows, well represented 
in the San Francisco Mountains around 
Flagstaff. The geology of the San Fran- 
cisco volcanic field has been discussed by 
H. H. Robinson.? Cinder-cone eruption 
was the last episode in the volcanic his- 
tory, during which bombs and other 
ejecta were expelled; these include occa- 
sional fragments of the Paleozoic and the 
underlying crystalline complex. Evi 
dence of the latest volcanism is found in 
the five hundred or more cones scattered 
over 800 square miles around the San 
Francisco Mountains, one of the most re- 
cent groups being that around Sunset 

2“The San Franciscan Volcanic Field,” U.S. 
Geol. Surv. Prof. Paper 76 (1913). 
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Crater (Fig. 1). From differences in gen- 
eral topographic conditions, soil cover, 
and vegetation it is evident that the cones 
are not all of the same age. The oldest 
probable date from the earliest Pleisto- 
cene,’ and the latest, Sunset Crater, was 
still active in the ninth century A.D. Re- 
cent investigation by the staff of the Mu- 
seum of Northern Arizona‘ shows that 
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few descriptions of ejected material. 
Ejection of older material and xenolithic 
fragments has been reported from many 
areas, among them Vesuvius,° the Laa- 
cher See,’ and recently from the Colo- 
rado Plateau.” A survey of selected 
groups of cones and reconnaissance of 
others (since detailed examination of the 
more than five hundred cones was im- 






























pit-houses dating from the middle of the practicable) was undertaken. The re- 
a RTE - ROE 
Whitehorse Mtn ’ ; | 
Marble H ) i 
hese 
| ™, 
™ *,. ‘ 
Tn . 
“s CINDER ‘AND 
nN j a© \ ‘ 
{ | ae 9 CONE AREA 
P ie a 302 - »x0 + ; 
—— inl % ¢ K 43 £6 
yr @ oo 
{sites " 
| Z rinasthrt X _— — 
CONE AREAS IN THE gers Fa caning Coane ™ 
: | SAN FRANCISCO MOUNTAINS ~~ ecchanileien x 
Frc. 1.—Location of some cones in San Francisco Mountains. Numbers in circles are cones referred to 
in text. 
ninth century were covered by the latest sults show that cored bombs are practi- 





ash-fall from Sunset not long after they 
had been abandoned and that later 
structures were built thereon. 


BOMB-CONE DISTRIBUTION 


The ejection of bombs during cinder- 
cone development is of common occur- 
rence. Bombs which envelop fragments 
of earlier-formed country-rock, are, how- 
ever, less common and are figured in but 


3 Tbid., pp. 93-05. 
‘John C. McGregor, “Dating the Eruption of 
Crater,” Amer. Antiquity, Vol. II (1936), 


15-20. 
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cally confined to (1) cones 5 and 6 miles 
north of Williams on the Grand Canyon 


‘Hans Reck, “Physiographische Studie iiber 
vulkanische Bomben,” Ergdnzungsband curs. 
Viukanologie (1914-15), pp. 1-124. 

6A. Lacroix, Etude minéralogique des produits 
silicates de l’éruption du Vésuve (Paris: Masson et 
Cie, 1907). 

7 Carl Dittmar, “Mikroscopische Untersuchung 
der aus krystallinischen Gesteinen insbesonders aus 
Schiefer herriihrenden Auswiirflinge des Laacher 
See” (Inaugural diss., Bonn, 1887), and others, espe- 
cially works by R. Brauns. 

8 Howel Williams, “Pliocene Volcanoes of the 
Navajo-Hopi Country,” Bull. Geol. Soc. Amer., 
Vol. XLVII (1936), pp. 111-72. 
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highway (Nos. 297 and 387, Fig. 1), des- 
ignated here the ‘‘Red Hill cone area”’; 
(2) cones in the Sunset area northeast of 
Flagstaff (Nos. 96, 170); and (3) Sheep 
Hill, just east of Elden Mountain (No. 
24). The cinder cones, their distribution, 
relations to flows, and volcanic history 
have been discussed elsewhere.? 


VOLCANIC EJECTA AND CORED BOMBS 


Introduction—Ejecta from the San 
Francisco cones vary from blocks of large 
size to ash and dust. Some are accidental 
lapilli, ranging in composition from ultra- 
basic to ultra-silicic igneous types, gneiss- 
es, schists, and associated metamorphic 
types and sedimentary representatives. 
The bombs are both with and without 
core materials. Cores are composed of 
the same range of rock types as the acci- 
dental lapilli. 

Field relations —The first collection is 
from the Red Hill area on crater 297, a 
small, much-eroded cone } mile west of 
the Grand Canyon Highway. Here near- 
ly go per cent of the bombs collected con- 
tained xenoliths. Most cored bombs have 
typical spindle form. They vary in 
weight from 1.5 grams to over 50 kilo- 
grams. Of the cores, about 5 per cent are 
fragments of the underlying Paleozoic 
rocks and the remainder igneous types 
ranging from alaskites to perknites and 
peridotites. On crater 387 in the Red Hill 
area, dunite and a few granitic types are 
enclosed by basaltic covers, forming 
large, irregular, roughly spherical masses. 
A few typical spindle bombs have dunite 
cores. Three cones in the immediate vi- 
cinity yielded many spindle bombs, but 
none with xenolithic cores. 

In the Sunset Cone area a number of 


» Harold S. Colton, “The Basaltic Cinder Cones 
and Lava Flows of the San Francisco Mountain 
Volcanic Field, Arizona,” Mus. Northern Ariz. 
Bull. 10 (1937). 





granitic and some gneissic fragments 
were collected near the summit of crater 
96. These were almost all broken and 
weathered, most of them showing remains 
of a basaltic cover, but a few were definite- 
ly recognizable bombs. Small rounded 
pebbles of granitic material were found 
on the slopes of several of the surround- 
ing cones, but only on the sides facing 
No. 96, from which they were probably 
ejected. Probably the ejecta are more 
common than the survey shows, as the 
whole area is covered deeply by ash-falls 
from the later eruption of Sunset Crater, 
and almost all the material collected 
comes from small areas where the ash has 
been removed. On the slopes of craters 
81, 84, and a few others and in patches 
on the cinder-covered flats, numerous 
lapilli of quartz diorite and peridotite oc- 
cur, their distribution strongly suggest- 
ing that they were ejected during the 
latest eruptions of Sunset itself, a dis- 
tance of over 2 miles in some cases. These 
lapilli show almost invariably two paral- 
lel faces and are of tabular form, suggest- 
ing derivation from thin sills or dikes. 

Some bombs have polished, faceted, or 
rounded cores as though they were wind- 
worn or waterworn. Casual observation 
suggests derivation from a conglomerate 
through which the conduit passed. How 
ever, the rhomboidal cross section of many 
such cores is so exceptional that they 
could scarcely have been formed by water 
abrasion; moreover, the usual rounded 
core is of dunite, a rock which normal- 
ly should be rapidly reduced by action of 
water and wind. The unusual shape and 
polish are therefore attributed to attri- 
tion of the cores before they were enclosed 
in the bombs. Considerable movement of 
fragments up and down volcanic pipes 
must often precede and accompany 
eruption, so that bombs may form with 
“‘pebble”’ cores. 
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The bombs are commonly bipolar, al- 
though unipolar, almond-shaped, and 
bread-crust bombs are also found. By 
far the greater number with xenolithic 
cores are bipolar or almond-shaped. Only 
one cored unipolar bomb was observed. 





CORED BOMBS FROM VOLCANIC CONES 401 


tween the material of the bombs of the 
various volcanic cones. 

The bomb cores-—The following kinds 
of bomb cores have been observed: gran- 
itoid, light-colored alaskites to quartz 
monzonites; granitoid, mesocratic and 





Fic. 2.—Sections of bombs showing from top, left to right, (1) augite pyroxenite, (2) quartz-monzonite 


core, and (3) andesite core. Actual size. 


The bomb envelope-—The bombs them- 
selves are usually composed of dense, 
black, basaltic scoria containing labra- 
dorite laths, olivine, and hypersthene in a 
matrix of basaltic glass. The texture is 
microporphyritic, with hypersthene and 
olivine microphenocrysts. Bubble-like 
inclusions and gas pockets are very com- 
mon, giving a cellular structure to the 
rock. A slight difference in degree of oxi- 
dation is the only visible distinction be- 





melanocratic diorites and  gabbros; 
gneisses: sandstones; dunites; ultra-basic 
rocks of perknitic and lamprophyric 
character; and a few volcanic types. 
Microscopically, a granitoid xenolith 
of shattered feldspar and quartz showed 
an envelope of basalt enclosing a light- 
colored rock composed of strained quartz, 
orthoclase, medium andesine, zircon, ap- 
atite, and magnetite. Magnetite is al- 
tered to hematite, and locally hematite 
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fills shatter cracks which transgress 
quartz and feldspars. This is particularly 
apparent near the contact between bomb 
core and bomb envelope. Where such 
shatter cracks cross separated units of a 
given mineral, the optical continuity of 
the fragments attests their former unifi- 
cation. 


A spindle-shaped bomb 133 centi- 


meters long and nearly circular in cross 
7 x §. emmy) 


section showed 2 small 











ROBERT W. WEBB 


posed of granitic constituents with rea- 
sonably large percentages of garnet, oc- 
casionally forming garnetiferous gneisses. 

Cores and ejecta of basic plutonic 
rocks are common. Cores of olivine gab- 
bro, monomineralic, and peridotitic ul- 
tra-basic rocks are typical xenoliths. A 
massive hypersthene-augite-hornblende 
perknite forms inclusions in many of the 
small bombs. Another core consists of an 
augite pyroxenite, almost an augitite, 


gene 


Fic. 3.—A series of small cored bombs. The smallest weighs 1.6 grams. Notice the equatorial flanges 


prominent on several bombs. Natural size. 


(14 X 3-cm. section) but well-preserved 
granitoid xenolith. Microscopic examina- 
tion showed an envelope of plagioclase 
laths and olivine in olivine-basalt scoria, 
enclosing quartz monzonite composed of 
quartz, orthoclase, and medium andes- 
ine, in allotriomorphic granular inter- 
growth. 

Other silicic plutonic types are found. 
One or two from crater 96 are granites; 
another is a magnetite alaskite. Many of 
these are extremely fresh and unaltered. 
Gneissic rocks of granitoid texture in 
bomb cores and as ejectamenta are com- 





composed of augite in perthitic inter 
growth with orthorhombic pyroxene. 
Dunite cores are exceedingly common. 
In a few cases volcanic xenoliths occur. 
Microphenocrysts of zoned plagioclase 
embedded in fine laths of andesine, with 
some hornblende, define a hornblende- 
andesite core enclosed by basaltic scoria. 
A few bombs contain xenoliths de- 
rived from the immediately underlying 
Paleozoic strata. These cores are seldom 
altered. Among them are fragments of 
Kaibab limestone, Coconino sandstone, 
and Supai sandstone. Generally such 




















cores are from the upper 1,000 feet of the 
Paleozoic and are so well preserved that 
fragments are easily recognized, and sev- 
eral contain identifiable fossils. The sedi- 
mentary types positively recognized are of 
Triassic and Permian age. No Mississip- 
pian or earlier limestone has been recog- 
nized and but one Cambrian (sandstone) 
fragment. It seems probable that lime- 
stones from depth, having moved up and 
down in the vent, were completely dis- 
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sandstone of typical seriate texture. A 
few grains of plagioclase may be albite. 

Alteration of xenoliths——The minera- 
logical, textural, and structural altera- 
tions undergone by the xenoliths are due 
to heat and chemical and pressure effects 
before ejection of bomb cores. Bomb 
cores of quartz sandstone in envelopes of 
scoriaceous basalt show much tridymite, 
formed from the quartz; part of the re- 
sultant core has almost the appearance 











Fig. 4.—Cores of altered sandstone probably derived from a pre-Cambrian horizon, showing tension 


cracks developed normal to the cooling surface. 


solved, while other rocks from older for- 
mations are so metamorphosed that they 
are unrecognizable. In fact, a few of the 
quartzitic inclusions cannot be referred 
to the Paleozoic section and are prob- 
ably of pre-Cambrian age. Of these, one 
showed an envelope of augite-olivine ba- 
salt about } centimeter thick, enclosing 
a core of quartz-plagioclase (sodic an- 
desine) sandstone, with a seriate texture. 

Another core with a very thin envelope 
encloses a milk-white sandstone consider- 
ably darkened by introduction of mate- 
rial. The core is a nearly pure quartz 


of silica brick. In other cores of original 
granitic material, with granitoid texture, 
sanidine has resulted from inversion of 
orthoclase. Pyroxene and _ plagioclase 
grains are crossed by fracture veinlets 
filled with sanidine. The veinlets are par- 
ticularly abundant in the plagioclase and 
connect with grains of sanidine. 

Glass has developed in several xeno- 
liths. Altered sandstones contain inter- 
stitial glass of index less than balsam. It 
might be asserted that all the glass was 
introduced by the enveloping rock; how- 
ever, some sandstone cores contain glass 
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of two different refractive indices and of 
different colors. In one particular exam- 
ple the glass of the envelope is greater in 
index than that of the quartz-sandstone 
inclusion. This would be expected, since 
the enclosing rock is basaltic and the en- 
closure silicic. Also the glass of the en- 
velopes is considerably darker in color, 
with color variation gradational from en- 
velope to inclusion. This suggests gener- 
ation of glass by alteration of quartz 
grains of the sandstone or its cementing 
material. The low index of refraction of 
the core glass indicates a glass high in 
silica, as would be expected were it 





Fic. 5.—Sandstone core, showing dark-colored 
glass developed by solution. Natural size. 


formed even in part by reaction with, or 
solution of, the quartz. Much of the glass 
found interstitially in the sandstone lies 
against etched and corroded edges of 
quartz, suggesting that the glass is de- 
rived partly from the cement of the rock 
and in part from the quartz itself. If the 
cement were feldspathic, solution of it 
might yield an alkaline liquid capable of 
dissolving the clastic quartz. 

Pressure effects in the cores of bombs 
are observed in many grain combina- 
tions. Both orthoclase and plagioclase 
show cracks along cleavages, which are 
filled often by secondary material. The 
plagioclase and pyroxene show deformed 
cleavages and twinning lines. 

Other changes are (a) introduction of 


magnetite into essential grain combina- 
tions, particularly along cleavage lines 
and fracture veinlets in other minerals; 
magnetite veinlets may often be traced 
into the enclosing rocks, suggesting late 
introduction; (b) presence of sanidine mi- 
crophenocrysts surrounded by narrow 
rims of pyroxene, probably resulting 
from sanidine reaction with minerals of 
the enclosing rock; and (c) leaching of 
constituents as suggested by corroded 
grains of some minerals. 

Source of ejected fragments and core 
xenoliths —Lithologic comparisons were 
made with exposed sections of basement 
in adjacent areas in an effort to suggest 
the approximate nature of the basement 
complex through which the feeders of the 
San Francisco volcanic t.eld pass. No 
well borings have penetrated through the 
Paleozoic cover in the region south of the 
Grand Canyon, and no streams have de- 
graded sufficiently to expose the base- 
ment anywhere in the San Francisco 
Mountain area. In view of the surface 
exposures of Paleozoic cover in the San 
Francisco volcanic field’’ and their strati- 
graphic equivalence with the surface Pa- 
leozoic on the Grand Canyon rim," it 
may be reasonably assumed that the 
thickness of Paleozoic cover in the San 
Francisco Mountain area is essentially 
the same as in the Grand Canyon, from 
3,600 to 4,000 feet.'*? No evidence has 
been found to suggest any closer surface 
proximity of the Paleozoic in the San 
Francisco area, even though two lacco- 
lithic peaks, White Horse and Elden 
Mountain, are found in the range. In 
these local laccolithic intrusions the 
cores consist of granite porphyry and hy- 


© Robinson, of. cit., geologic map, p. 21. 

1 L. F. Noble, “The Shinumo Quadrangle, Grand 
Canyon District, Arizona,’’ U.S. Geol. Surv. Bull. 
549 (1914). 

12 Thid., p. 72. 
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persthene dacite, respectively, and they 
are flanked by the higher Paleozoic for- 
mations of the normal plateau sequence. 

The presence of abundant ejecta from 
the Paleozoic part of the underlying sec- 
tion has been mentioned. It is notewor- 
thy that none of the other sedimentary 
cores can be referred to any member of 
the Grand Canyon series of the pre-Cam- 
brian exposed in the lower part of the 
Grand Canyon about 50 miles to the 
north. In fact, the only core with the ex- 
ception of the quartzites already men- 
tioned which at all suggests pre-Cam- 
brian material is one from cone 96, a red 
rhyolite similar to the Archean rhyolites 
of the Mazatzal Mountains. Moreover, 
none of the granitic material which forms 
the cores of many of the bombs from the 
Red Hill area appears similar to the Pres- 
cott granite which underlies the Cam- 
brian to the southwest, probably as close 
as Ash Fork, 20 miles west of Williams. 

The varied assemblage of rocks ejected 
suggests the possibility of the existence 
at a considerable depth below the sedi- 
mentary cover of the plateau of a com- 
plex resembling that of the Cerbat Moun- 
tains, 100 miles to the west, described as 
“....acomplex predominantly of granite 
with diorite and gabbro . . . . intruded by 
pegmatite, medium-grained granite .... 
and lamprophyric dykes.’ Williams" 
suggests that the ejecta of the Navajo- 
Hopi areas, which are similar to those of 
the San Francisco Peaks, were derived 
from a pre-Cambrian basement and men- 
tions the possibility of their relation to 
the Archean complex exposed in the 
Zuni uplift. However, biotite is common 
in most of the granitic ejecta referred to 
by Williams, while it is completely ab- 

"3 R. M. Hernon, “Cerbat Mountains,” in “Some 
Arizona Ore Deposits,” Univ. Ariz., Geol. Series, 
Vo. 12, Bull. 145 (1938). 


14 Op. cit., pp. 159-62 and 168. 
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sent in the San Francisco Mountain ma- 
terial, except in one granite from the ex- 
treme eastern edge of the area. This may 
be due either to original differences in 
composition or to removal of biotite by 
subsequent alteration, although no pet- 
rographic evidence supporting the latter 
suggestion was found. 

The dunite cores and ejecta are similar 
to those described by Carl Lausen from 
the Globe District of Arizona.'® These 
are thought by Lausen to be the result 
of magmatic differentiation prior to erup- 
tion; this may well be the mode of origin 
of the dunites of the San Francisco area, 
but direct evidence is not available. This 
conclusion is suggested, however, since 
olivine is found concentrated in granular 
aggregates in the basalts of the region 
and also since no olivine-bearing basalts 
are known in any of the basement com- 
plexes of adjacent regions. 


SUMMARY OF CALIFORNIA OCCURRENCE 


Cored bombs abound on the flanks of 
Siberia Crater, east and south of the way- 
side station of Siberia on the Santa Fe 
Railroad near Amboy, California. Re- 
cent volcanism has occurred along a gen- 
eral east-west line running from Barstow 
to Amboy, along which a series of very 
new volcanic cones have been formed, 
among them Newberry, Pisgah, Siberia, 
Amboy, and several others. Several peri- 
ods of volcanism are suggested, the Si- 
beria Crater belonging to an older, and 
yet recently past, geologic epoch. Some 
of these volcanic episodes have been 
briefly considered in a recent paper.” 

The common bombs are composed of 

*s “The Occurrence of Olivine Bombs near Globe, 
Arizona,” Amer. Jour. Sci., Vol. XIV (sth ser., 
1927), Pp. 293-306. 

6 Dion L. Gardner, “Geology of the Newberry 
and Ord Mountains, San Bernardino County, Cali- 


fornia,” Calif. Jour. Mines and Geol., Vol. XXXVI 
(1940), pp. 286-88. 
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olivine-basalt scoria surrounding cores 
which are usually dunite. A few other 
cores have been observed, particularly 
granites and quartz monzonites. Also 
large irregular crystals of basaltic horn- 
blende and augite are occasionally found 
as cores. None of the observed cores 
show any reaction with envelope, sug- 
gesting that incorporation into the en- 
closing basalt took place too late for for- 
mation of reaction minerals. Many of 
the dunite cores are rounded, commonly 
with trapezoidal and rhomboidal cross 
sections. Faceting by attrition in the 
conduit prior to inclusion as bomb cores 
is suggested. Many of the dunites are ir- 
regular in shape, with angular olivine 
grains forming the boundary of the core 
against envelope. In the Siberia cone, 
from which these bombs were ejected, the 
higher flows and the agglomerate beds of 
which the cone is built contain masses of 
dunite as large as 2 feet in diameter; the 
fragmental dunite cores are thought to 
have been derived by rupture and frag- 
mentation of the larger dunite masses be- 
fore their inclusion in bomb cores. The 
rounded dunite cores are probably from 
the same original source but were longer 
in the conduit before expulsion. 

Several episodes of bomb eruption 
have occurred in the Siberia Crater as 
shown by bomb concentrations in several 
agglomerates visible in the cone walls. 


NOTES ON MECHANICS OF 
BOMB FORMATION 

Factors bearing on the mechanics of 
formation of volcanic bombs are so nu- 
merous that it seems that bomb forma- 
tion depends upon special characteristics 
inherent in the processes in an individual 
cone. Reck,"’ in his systematic study of 
bomb mechanics, discussed some of the 
variable conditions which control the for- 


‘7 Op. cit. 





mation of bombs. The present study re- 
cords a few additional observations which 
indicate the complexity of the processes 
involved in developing cored bombs 
without attempting an explanation of the 
processes themselves. Experiments with 
viscous liquids under controlled condi- 
tions might throw much light on these 
mechanics, but the present writers are 
not equipped to carry out such work. 

In cored bombs, form is partly depend 
ent upon (1) the thickness of magma en- 
velope, which in turn is determined by 
(a) viscosity and composition of the mag 
ma and (b) degree of reaction undergone 
by inclusion and envelope before the 
bomb is formed; (2) the plasticity of the 
core and its effectiveness in resisting force 
during flight; (3) the initial shape of for- 
eign inclusion; (4) the initial condition as 
the bomb leaves the explosion pit, 
whether as a “chain” of bombs or a 
“single” bomb; (5) the speed and the di- 
rection of rotation; (6) rate of cooling 
during flight; and many other factors. 

The thickness of the magma envelope 
is important because, with a thick enve- 
lope, the form of the bomb is determined 
partially by forces working directly to de- 
velop a form independent of internal 
core. If the envelope is thin, the control 
of form is exercised more directly by the 
core itself, and the bomb form is mainly 
due to the size and shape of the foreign 
enclosure. Occasionally, secondary folia- 
tion or flow lines are seen in cores; these 
are developed when the core has been 
heated sufficiently so that upon ejection 
a form independent of the original shape 
of the core develops. In such cases flow 
lines commonly transgress original bed- 
ding in sedimentary cores, often partially 
recrystallized by contact metamorphism. 
Igneous cores show similar effects. Such 
foliation is sometimes accordant with 
flow lines in the bomb envelope. 
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The degree of reaction with core obvi- 
ously affects the thickness of the magma 
envelope. The thickest envelopes were 
found in bombs whose core changes were 
the greatest. A pronounced “onionskin” 
structure was apparent in many bombs 
where core reaction had taken place, the 
outer skins containing less and less core 
material; invariably, however, the com- 
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Many Arizona bombs formed in chains, 
with individual “beads” separated by 
plastic ribbons. Pulling apart and sepa- 
ration of these beads into bipolar bombs 
occur both in flight and upon landing; 
the prominence of the ears on spindle 
bombs seems to be due to stretching and 
separation of “chain” bombs. Some 
specimens still show three bombs in a 








Fic. 6.—Upper: Elongate bombs with multiple xenolithic cores. This is a type of chain or ribbon 
bomb from which several bombs may form by separation during flight. Lower: Unusual type of bomb, un- 











cored. One-third natural size. 


position of all the layers was essentially 
similar. 

The ears (tails) which spindle and 
other bombs possess are assumed by most 
writers to have formed by forces acting 
on the bomb during flight. This may be 
the case; but forces applied during flight 
to highly viscous material seem incapa- 
ble of developing ears except under ex- 
ceptional circumstances. The condition 
of the ejecta at the moment of discharge 
from the magma reservoir seems, in the 
Arizona bombs, to be more important. 





chain, each possessing a xenolithic core. 
Chain bombs are also found uncored. 
Some structures seem to have been de- 
veloped in the bomb during flight. In 
particular it is thought that (1) flanges, 
developed equatorially about some 
bombs, particularly cored bombs, (2) 
ears, bent and “overturned”’ or twisted, 
(3) overfolding of plastic sheets into the 
bomb and (4) elongation by 
“stretching”? with the development of 
conical “air” pockets at each end of the 
bomb core are examples of structures so 


form, 











developed. It is possible, however, that 
the conical air pockets may have formed 
during the separation of a chain of bombs. 

Many small bombs show equatorial 
flanges (Fig. 3), prominent out of propor- 
tion to the size of the bombs themselves. 
The flanges and ears lie in the same plane 
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chains of bombs are formed, especially 
when individual beads on the chain differ 
in size. During flight some larger masses 
move faster than adjacent smaller beads, 
so that twisting and concomitant over- 
folding of the ribbons occurs between 
beads. After stretching and separation 





Fic. 7.—Air pockets in ears of bombs. “Onionskin”’ layering of envelope is well shown in upper left. 


Natural size. 


in all cases seen. Presumably these 
flanges lie in a plane normal to the axis 
of rotation of the bomb. The ears and 
flanges are both normal to the rotation 
axis, but the ears probably developed by 
separation upon stretching of a bomb 
chain; subsequent rotation during flight 
developed flanges. 

Twisting, backward folding, and over- 
turning of the ears of bombs may be due 
to differential motion during flight when 


into individuals, the ears are often bent 
back, away from the direction of flight. 
Bending of ears seems to occur only when 
rotation is negligible or absent during 
flight. This concept of the bending-back 
of ears was stated by Reck"* in his ex- 
haustive survey of bomb processes. Some 
overfolding of “sheets” of plastic envelope 
seems to occur both during the prelimi- 
nary period prior to actual eruption and 


18 Op. cil., p. 50. 
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during flight. It seems that much “‘sheet”’ 
overfolding occurs in the magma cham- 
ber, enveloping foreign materials before 
expulsion in bomb form; however, it is 
probable that some sheet overfolding oc- 
curs during flight. 

Reck’s view that in many cases the 
core of the bomb is preformed before 





Fic. 8. 
stone core. 


ejection is strongly supported by evi- 
dence from the Arizona bombs. Apart 
from those with xenolithic cores, which 
are evidently “preformed,” many spin- 
dle bombs have irregularly rounded cores 
of dense basalt and highly vesicular en- 
velopes. Among these are examples with 
black basaltic cores and oxidized enve- 
lopes and others with oxidized vesicular 
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cores and unaltered envelopes, the latter 
evidently being fragments of the older 
portion of the cone which fell back into 
the magma and were then re-ejected as 
bombs. 

Air pockets are common features in 
one or both ends of cored bombs. It was 
first thought that these pockets were un- 
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Unusual cored bomb with large air pockets and poorly developed ears, containing altered sand- 


filled because the magma was insuffi- 
ciently fluid. However, the external fea- 
tures of these bombs contradict such a 
view. It now seems clear that the air 
pockets were formed during the string- 
ing-out of the ears of the bombs. 

An unusual and apparently previously 
undescribed bomb was found. This is a 
bomb which, upon landing, was insuffi- 
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ciently congealed to maintain its form. 
Collapsed bombs have been noted from 
many areas; but, when bombs or sheets 
which maintain their unity during flight 
land, especially when they land ‘on 
end,” they sometimes collapse in a series 
of oscillatory overfolds. These are an un- 
common, but widely distributed, type of 
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Fic. 9.—Corkscrew bomb, in place on rim of 
small spatter cone. Original length of bomb, 58 in- 
ches; height, 36 inches. 


bomb in the Arizona area, and the name 
“corkscrew” bomb might be used to de- 
scribe this collapsed ejected sheet or 
bomb. 


LIMITED DISTRIBUTION OF VOLCANIC 
BOMBS IN VOLCANIC AREAS 


It is often noted that in an area of 
many volcanic cones, those cones which 
eject bombs are either alone or few in 
number. This has always seemed anoma- 
lous, especially when adjacent cones are 


composed of and pass through similar 
rock types. This is particularly true of 
cored bombs. Vents may be only a short 
distance apart and thus pass through the 
same surficial rocks and, presumably, 
through the same basement, and yet 
cored bombs are ejected by only one cone 
in the group. Presumably, where the 
bomb process is operating and only one 
of many cones expels cored bombs, the 
vent is either (a) new and as yet not in- 
sulated from the conduit walls, whereas 
adjacent cones are older and have con- 
duit walls coated by magma preventing 
fragmentation of older wall rocks, or (0) 
of the same age, but one conduit has been 
continuously kept clean by explosive 
eruption, while adjacent cones have un- 
dergone magmatic effusion followed by 
explosive action, producing bombs, un- 
cored because of inaccessibility to wall 
rock. 


ACKNOWLEDGMENTS.—The writers wish to 
acknowledge the assistance given by Dr. H. S. 
Colton, director, and the staff of the Museum 
of Northern Arizona, in the progress of this 
study. Grants-in-aid from the Board of Re- 
search of the University of California, Los 
Angeles, and from the Museum of Northern 
Arizona defrayed some of the field and labora 
tory expenses. The services of the Translation 
Bureau of the Works Progress Administration 
of the Los Angeles campus of the University of 
California are acknowledged, which provided 
translations of parts of the paper on volcanic 
bombs by Hans Reck. Professors Howel 
Williams, of the University of California, and 
S. J. Shand, of Columbia University, read the 
manuscript and offered many helpful sugestions 
Dr. Robert Nichols, of Tufts College, and many 
other visiting geologists gave valuable assist 
ance in collecting material and discussing the 
problems involved. For these services the 
writers are very grateful. 





) 








THE PREGLACIAL TEAYS VALLEY IN INDIANA 





M. M. FIDLAR 
Rock Springs, Wyoming 


ABSTRACT 

lhe preglacial Teays River, which rose in Tertiary time in the vicinity of the Blue Ridge in North Caro- 
lina, flowed across north-central Indiana and turned south through the present lower Wabash Valley to 
discharge its water into the Gulf Embayment in the vicinity of the southern tip of Illinois. That portion of 
the valley in northern Indiana, as well as that in western Ohio, was buried beneath the Pleistocene glacial 
plain. Its route across this area has been traced by means of well records. Along the west side of Indiana the 
present Wabash River flows in the deeply alluviated Teays Valley. Well records in the lower Wabash Valley 
indicate the position of the preglacial valley floor. The Teays Valley in Indiana has a gradient of approxi- 
mately 8 inches per mile; the buried bedrock floor drops from an altitude of 463 feet in northwestern Jay 
County to an altitude of 229 feet in southwestern Posey County. 


INTRODUCTION 

The purpose of this paper is to describe 
the course of a major preglacial valley 
across Indiana, a valley which probably 
headed in the eastern part of the Blue 
Ridge province of North Carolina. The 
course of this deeply buried valley enters 
Indiana from Ohio in Adams County, in 
the northeastern part of the state, and 
passes westward to the vicinity of Lafa- 
yette, Tippecanoe County, where it turns 
southward to follow near and along the 
course of the present Wabash River. The 
presence of this buried valley was first 
established in the glaciated area of north- 
eastern Indiana during the development 
of the Trenton oil field in the early 1890’s. 
It has been known also for many years 
that the present Wabash Valley south of 
the Wisconsin glacial boundary is deeply 
alluviated and occupies essentially the 
same position as a broad preglacial val- 
ley, the bedrock floor of which now lies 
more than roo feet below the present al- 
luvial plain. 

The data presented in this paper were 
derived from an examination of several 
thousand well records in northern Indi- 
ana and from a study of the physiogra- 
phy of the lower Wabash Valley along 
the Indiana-Illinois state boundary. 
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These data are somewhat incomplete 
along certain stretches of the buried val- 
ley, but they are sufficient to trace rough- 
ly the course of the preglacial valley. 

Several attempts have been made, by 
Frank Leverett,’ J. A. Bownocker,? H. 
M. Clem,’ Gerard Fowke,‘ and others, to 
show more of the preglacial drainage lines 
of Indiana; these attempts, however, 
have been chiefly generalizations founded 
upon rather meager information. 


PREGLACIAL PHYSIOGRAPHY 


In the interval between late Tertiary 
time and the advent of the Illinoian ice 
invasion the region about southwestern 
Indiana was warped upward, and the La- 
fayette gravels (Pliocene?) were elevated 
to near their present position high above 
drainage baselevel. After this uplift, the 
ancestral Wabash River again lowered 

* “The Illinois Glacial Lobe,” U.S. Geol. Surv., 
Mono. 38 (1899); “Glacial Formations and Drainage 


Features of the Erie and Ohio Basins,” U.S. Geol. 
Surv., Mono. 41 (1902). 

2A Deep Pre-glacial Channel in Western Ohio 
and Eastern Indiana,” Amer. Geol., Vol. XXIII 
(1899), pp. 178-82. 

3“The Preglacial Valleys of the Upper Missis- 
sippi and Its Eastern Tributaries,” nd. Acad. Sci., 
Proc., 1910, pp. 335-52. 


4 Evolution of the Ohio River (Indianapolis, 1933). 
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its bedrock floor well toward baselevel. 
By early Pleistocene time the valley floor 
of the lower portions of the ancestral 
river had probably reached a well-graded 
condition, and the region through which 
it passed had reached the stage of late 
maturity. The master-valley was broad 
and the valley sides were relatively gen- 
tle. For the greater part, the tributary 
valleys must have been graded to the 
principal valley floor. The altitude of the 
bedrock surface, determined in numerous 
oil and gas wells in the lower Wabash re- 
gion, furnishes evidence for these con- 
clusions. 

North of the Wisconsin glacial bound- 
ary the preglacial Wabash Valley be- 
came, in the late Pleistocene, completely 
buried beneath an expansive glacial 
plain. Postglacial drainage has exhumed 
portions of the buried trough, but the 
larger part of its route may be traced 
only by borings. In northeastern Indiana 
the bedrock surface beneath the glacial 
plain seems to slope gradually toward the 
deeply buried valley, although the val- 
ley proper appears to be a steep-sided 
trough, incised below the surface of a 
bedrock plain. During the oil activity in 
Adams, Jay, and Grant counties, the 
“deep drive” or “loblolly” area was 
avoided as much as possible because of 
the expense of setting more than 400 feet 
of surface pipe during drilling. Wells 
drilled outside the bounds of the valley 
reached bedrock at much shallower 
depths. The route of this buried valley 
is shown in Figure 1. 


THE TEAYS VALLEY 


THE ANCIENT VALLEY IN WEST VIRGINIA 
AND OHIO 

It was first demonstrated by ‘W. G. 

Tight’ that the Teays Valley of West Vir- 

s“Southeastern Ohio and Adjacent Parts of 


West Virginia and Kentucky,” U.S. Geol. Surv. 
Prof. Paper 13 (1903). 





ginia is a silt-filled remnant of a former 
important drainage line, destroyed by 
Pleistocene glaciation. Present features 
of this area are depicted on the St. Al- 
bans, Milton, and Guyandot topographic 
quadrangles. Tight published a series of 
maps showing his conception of the pre- 
glacial drainage of the Kanawha-Ohio 
basin and established the fact that the 
ancient Teays Valley could be traced 
from St. Albans, West Virginia, to Chilli- 
cothe, Ohio, where the deeply silted, 
abandoned through valley disappears be- 
neath the glacial drift. He suggested the 
name “Chillicothe River’ for the main 
stream valley which disappears at Chilli- 
cothe and restricted the name ‘‘Teays”’ 
to the main through valley. 

Earlier, Bownocker® noted the pres- 
ence of a buried valley beneath the cen- 
ter of the Grand Reservoir in Mercer 
County, Ohio. He stated that the drift 
in the deepest known part of the channel 
at this locality is approximately 370 feet 
thick. According to Bownocker, this 
same channel passes beneath the present 
site of Geneva, Adams County, Indiana, 
where a well penetrated 400 feet of drift 
above the bedrock surface. Two tribu- 
tary channels were indicated. One of 
these joined the master-valley from the 
southeast at the west end of the Grand 
Reservoir, and the other came from the 
northwest to join the main valley near 
the southwest corner of Harrison Town- 
ship, Blackford County, Indiana. The 
present writer believes that the latter 
“tributary” is, in reality, the main route 
of the Teays River, which turns toward 
the northwest near the center of Black- 
ford County. Bownocker also noted that 
the bedrock surface sloped gently toward 
the channel and then fell away steeply 
into the rock trough. 


6 Op. cit. 
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Fic. 1.—Map showing the preglacial route of the Teays River and the present course of the Wabash 
River in Indiana. Figures in parentheses represent the thickness of the surface materials, as determined by 
borings. Other figures show the altitude of the surface of the bedrock below the glacial material, Note the 
gradient of the ancient Teays Valley. 




























Wilbur Stout and Downe Schaaf? as- 
cribed the source of the Minford silts in 
the Teays Valley of southern Ohio to the 
schist regions of the Piedmont and of- 
fered evidence to show that the head- 
water portions of the ancient Teays River 
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Karl Ver Steeg® published the results 
of a study of well records which enabled 
him to trace the course of the Teays Val- 
ley beneath the drift northwest of Chilli- 
cothe to the Indiana-Ohio state bound- 
ary. According to his conclusions, the an- 
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extended eastward high above the pres- 
ent Piedmont Plateau perhaps as far as 
the Fall Line. They stated that the alti- 
tude of the bedrock floor of the buried 
valley at Chillicothe, Ohio, is 620 feet, 
and that normally it rises from 8 inches 
to 1 foot a mile toward the headwater 
region. 

7“Minford Silts of Southern Ohio,” Bull. Geol. 
Soc. Amer., Vol. XLII (1931), pp. 663-72. 


Fic. 2.—The preglacial drainage of Indiana and Ohio. The Teays River appears to have carried away 
most of the runoff waters from the entire area of Indiana and from a large part of Ohio and West Virginia 
The course of the Cincinnati River is questionable. (Adapted after Malott, Tight, and Ver Steeg.) 


cient river flowed northwest through 
Ross, Pickaway, Madison, Clark, Cham- 
paign, Shelby, Auglaize, and Mercer 
counties, Ohio (see Fig. 2). He detected 
several tributary valleys of considerable 
size beneath the drift in western Ohio.’ 

§“The Buried Topography of Western Ohio,” 
Jour. Geol., Vol. XLIV (1936), pp. 918-39. 

9 [bid.; “Thickness of the Glacial Drift in West 
ern Ohio,” ibid., Vol. XLVI (1938), pp. 654-59. 
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The preglacial Teays River flowed 
through the buried valley beneath the 
present site of Lake St. Marys and con- 
tinued into Indiana in southern Adams 
County. 

[HE BURIED VALLEY IN NORTHERN INDIANA 

Che easternmost evidence of the bur- 
ied trough of the Teays in Indiana is 
found in southern Adams County at the 
town of Geneva, where a well penetrated 
400 feet of drift above the bedrock sur- 
face. Two miles east of Geneva rock was 
reached at 40 feet; and 3 miles west at 
56 feet, upon the slightly undulating gla- 
cial plain. From Geneva, slightly south 
of west to near the center of Blackford 
County, the buried trough, or ‘deep 
drive,” has been traced by means of nu- 
merous well records. Near the southeast 
corner of T. 24 N., R. 10 E., Blackford 
County, the buried valley turns toward 
the northwest and can be traced easily to 
the northwest corner of T. 25 N., R.8 E., 
Grant County. The presence of abnor- 
mally thick and thin drift through the 
area described above has resulted in dif- 
ferential compaction at some points, a 
phenomenon which is indicated by a gen- 
tle swampy swale or “loblolly” along the 
site of the buried valley. This surface ex- 
pression, however, is very frequently ob- 
scured by the slightly rolling character of 
the glacial plain and the irregular surface 
of the minor morainal belts. 

Well records indicate that the bedrock 
surface slopes rather gradually toward 
the buried valley and that this slope be- 
comes abrupt at the site of the rock 
trough. At one point near central Black- 
ford County the bedrock surface drops 
more than 250 feet in less than } mile. 
The buried bedrock upland in this vicin- 
ity has an altitude of approximately 800 
feet above sea-level, and the buried val- 
ley floor is at least 350 feet lower. 





THE PREGLACIAL TEAYS VALLEY IN INDIANA 





415 


Northwest of the point where the bur- 
ied Teays Valley leaves Grant County, 
the lack of well records makes impossible 
the accurate location of this feature. 
However, where the present Wabash 
River crosses the Miami-Wabash county 
line, there is some evidence of a buried 
valley. Both upstream and downstream 
from this locality, the river flows in a 
somewhat restricted valley, bounded on 
both sides by rocky bluffs. At the Mi- 
ami-Wabash county line, however, the 
valley widens considerably, and no bed- 
rock can be found in the valley sides. In- 
stead, the valley is bounded by bluffs of 
glacial drift. It is believed that these fea- 
tures indicate the course of the buried 
Teays valley. It is again encountered be- 
neath the drift in west-central Miami 
County, where a well penetrated nearly 
400 feet of glacial drift. The wide, un- 
occupied part of the present Wabash Val- 
ley north of the city of Peru may well 
mark the site of the ancient Teays Val- 
ley, the bedrock floor of which is buried 
deeply. 

The buried Teays Valley appears to 
pass through northern Cass and north- 
western Carroll counties and enters Tip- 
pecanoe County from the northeast. A 
short distance upstream from Lafayette 
the present Wabash River has partially 
exhumed the deeply buried preglacial 
valley and follows it past the city. A 
few miles west of Lafayette, however, the 
Wabash swings west and south through a 
valley only thinly alluviated. The buried 
Teays Valley has been traced by coal 
borings’? southwestward through west- 
ern Tippecanoe County and through 
Fountain County to the Wabash River 
(see Fig. 1). In Fountain County, the 
valley is filled with from too to 130 feet 


'°R. T. Brown, “Fountain County,” Jnd. Rept. 
Geol. and Nat. Res., 11th Ann. Rept. (1881), pp. 
89g-125. 











of drift. At a point about 4 miles south 
of Covington, the Wabash River re-en- 
ters the course of the ancient valley of 
the Teays and follows it to its junction 
with the Ohio River. 


THE TEAYS VALLEY IN SOUTHERN INDIANA 


From southwestern Fountain County, 
the Wabash River flows on a deeply al- 
luviated floor within the valley bluffs of 
the drainage route developed in pregla- 
cial time. South of the Shelbyville (outer 
Wisconsin) moraine in southern Parke 
County, the present valley floor consists 
of a broad alluvial plain composed of two 
terraces and the present flood plain. In 
the lower Wabash Valley, in general, the 
deepest part of the buried valley floor 
lies on one side or the other of the present 
stream. Alluviation in this portion of the 
Teays Valley has been heavy; wells pene- 
trate more than too feet of sand and 
gravel in the Wabash Valley from the 
Wisconsin glacial boundary to the Ohio 
River. The present valley floor is devel- 
oped in the portion of the lower Teays 
Valley which had reached the stage of 
late maturity before the advent of the 
Pleistocene ice sheets. As a consequence 
of the gently sloping valley sides, the 
present alluvial floor attains a width of 
more than 1o miles near the southwestern 
corner of Indiana and resembles a local 
peneplain by virtue of thick alluvial and 
lacustral deposits of Pleistocene age. 


ALTITUDE OF THE TEAYS VALLEY FLOOR 


According to Tight," the bedrock floor 
in the Teays Valley of West Virginia 
stands at an altitude of 662 feet, and at 
Advance, Kentucky, it is encountered at 
approximately 650 feet above sea-level. 


"Op. cit. 
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Stout and Schaaf’ give the altitude of 
the rock floor of the buried valley at 
Chillicothe as 620 feet, and Ver Steeg*s 
gives the altitude of 538 feet for the bed- 
rock floor of the trough northwest of Lon- 
don, Madison County, Ohio. Altitudes 
of the bedrock surface along the Teays 
Valley in Indiana are indicated in Fig- 
ure 1. In northwestern Jay County, the 
deepest portion of the buried trough lies 
at an altitude of 463 feet; in central west- 
ern Miami County, 423 feet; near Lafa- 
yette, central Tippecanoe County, 384 
feet; in northern Vigo County, 362 feet; 
in eastern Lawrence County, Illinois, 310 
feet; in southwestern Knox County, In- 
diana, 275 feet; and in southwestern Posey 
County, 229 feet. These figures indicate 
that the bedrock floor of the ancient 
Teays Valley in Indiana has a gradient 
of approximately 8 inches to the mile. 
This is in accord with the gradient given 
by Stout and Schaaf" for the portion of 
the ancient valley extending eastward 
from Chillicothe, Ohio. 


BURIED TRIBUTARY VALLEYS IN INDIANA 
AND ILLINOIS 


Many tributary valleys have been par- 
tially traced along the route of the Teays 
River in Indiana and Illinois. Minor 
tributaries occur in western Jay County 
and in western Blackford County. A 
buried valley in central northern Grant 
County enters the master-valley about 4 
miles northeast of Marion. A system of 
buried tributary valleys in southwestern 
Huntington County and in northeastern 
Grant County meets the buried Teays 
route near the middle of the north line of 
Grant County. In the early records of 


12 Op. cit. 
'§ “The Buried Topography... ., ” op. cit. 


14 Op. cit. 
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the Indiana Geological Survey, the pres- 
ence of a buried valley in northern Wab- 
ash County is noted. The present writer 
believes that this former drainage route 
passes southwestward to join the Teays 
Valley in the vicinity of central Miami 
County, as shown in Figure 2. 

S. S. Gorby’*’ described a deeply buried 
valley running along the north line of 
Tippecanoe County and across the south 
part of Benton County, Indiana. This 
interpretation was made on the basis of 
two well records. It has since been dem- 
onstrated that the thick drift in the Tip- 
pecanoe County well probably represents 
the route of the Teays and that that of 
the Benton County well is connected 
with a separate and distinct buried drain- 
age route which may or may not have 
been a tributary of the Teays Valley. 
The relationship of these two filled 
troughs is obscure. 

G. B. Jones and C. H. Orahood* de- 
scribed the preglacial valley occupied by 
Sugar Creek in Montgomery County, In- 
diana, downstream to its great bend near 
Crawfordsville, the county seat. This 
valley was described also by Brown," 
who traced it by means of coal borings in 
Fountain County. It is believed to join 
the ancient master-valley near the south 
half of Sec. 22, T. 18 N., R. g W., in the 
southwest corner of the county. C. W. 
Shannon pointed out that drift was 
known to be thick in the valleys of Sugar 
and Otter creeks in Vigo County. These 


's “Geology of Tippecanoe County,” Ind. Dept. 
Geol. and Nat. Res., 15th Ann. Rept. (1885), pp. 
OI-95. 

'6 “Soil Survey of Montgomery County, Indi- 
ana,” U.S. Dept. Agric., Bur. of Soils (1914). 

17 Op. cit. 

‘8 “Soil Survey of Clay, Knox, Sullivan and Vigo 
Counties,” Ind. Dept. Geol. and Nat. Res., 36th Ann. 
Rept. (1911), pp. 135-281. 
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may be preglacial routes, and Shannon 
points out that some drillings indicate 
steep-sided preglacial valleys along these 
two creeks. 

Busseron Creek, in southern Sullivan 
County, follows a preglacial route for 
some distance near its mouth. Well rec- 
ords indicate that the Embarrass River 
flows in a preglacial valley which enters 
the ancestral Teays route in central- 
eastern Lawrence County, Illinois. South 
of this point, all the major tributary 
streams flow in valleys filled high above 
their ancient bedrock floors. All these 
valleys were sites of Pleistocene lakes. 


SUMMARY 


The New-Kanawha river drainage, ris- 
ing near the eastern scarp of the Blue 
Ridge in North Carolina, appears to have 
once discharged across northern Indiana 
and down the lower Wabash. The 
blocked and buried part of the trunk line 
of this river system has been designated 
as the ‘“Teays River.’ Its route is read- 
ily traceable in western West Virginia 
and southern Ohio to the vicinity of Chil- 
licothe, where its course becomes deeply 
buried under glacial drift. Its course has 
been traced by well borings northwest- 
ward to the Indiana-Ohio state boundary 
in northwestern Mercer County, Ohio. 
From here the course of the Teays is in a 
general westward direction across Indi- 
ana and thence southward down the 
course of the present Wabash to the Ohio 
River. The route of the Teays through 
Ohio, Indiana, and Illinois is shown in Fig- 
ure 2. According to C. A. Malott,’® the 
preglacial Ohio River was a minor stream 
which probably started near Madison, 


19 “The Physiography of Indiana,’ Handbook of 
Indiana Geology, Ind. Dept. Conservation, Publ. No 
21 (1922), pp. 136-38. 
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Indiana. If this conclusion is accepted, 
the Teays River must have carried, in 
addition to the water of the New-Kana- 
wha drainage system, most of the drain- 
age from the area of Ohio, Indiana, east- 
ern Illinois, and northern Kentucky to 
the Gulf Embayment near the southern 
tip of Illinois. This great drainage sys- 
tem was destroyed by ice-damming and 
valley-filling attendant upon the Pleisto- 
cene ice invasion. In northern Indiana 
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the valley was entirely filled with drift. 
South of Fountain County, Indiana, the 
valley of the Teays may have been filled 
partially or entirely with glacial drift, 
but in glacial and postglacial time the 
valley was cleared of till and was heavily 
alluviated. Borings have shown that the 
bedrock floor of the Teays Valley in In- 
diana has a gradient of approximately 8 
inches per mile toward the Gulf Embay- 
ment. 

















ELLIPTICAL BAYS’ 


C. WYTHE COOKE 
U.S. Geological Survey, Washington, D.C. 


ABSTRACT 


\ rotating current or eddy tends to flow in an ellipse whose proportions are such that the ratio of the 
length of the minor axis to that of the major axis equals the sine of the latitude and whose axes exactly bisect 
the cardinal directions, the major axis extending N. 45° W. in the Northern Hemisphere or N. 45° E. in the 
Southern Hemisphere. This is so because the pressure of gravity resists the gyroscopic tendency. of the plane 
of rotation to remain fixed in space (while the earth rotates) and causes it to precess about an east-west axis, 
the resultant motion being a rotation about an axis bisecting the cardinal directions at the same rate as the 
rotation of the earth. The plane tends to stand tilted to the zenith at an angle equal to the latitude but, 
being liquid, collapses into a horizontal position. The orbit of a drop, which would be circular in the tilted 
plane, becomes elliptical in the projection, which has the proportions specified. The inclination of the horizon 
to the axis of the earth determines the orientation of the ellipse. 

As the elliptical bays of the Carolinas are lake basins having the shape and orientation of an eddy at the 
same latitude, it seems probable that the lakes were subjected to circulating currents. The currents are 
ascribed to constant winds that blew during the early Wisconsin (‘‘Iowan”) stage, which is known to have 
been windy, soon after the region emerged from the sea. 


THE METEORITE HYPOTHESIS 

Ten years ago an article in the Journal 
of Geology® called attention to peculiar 
markings recorded on aerial photographs 
of an area near Myrtle Beach, South 
Carolina, which features are noteworthy 
because their outlines are nearly perfect 
ellipses whose major axes all extend 
N. 45° W., exactly bisecting the cardinal 
directions. Melton and Schriever sug- 
gested that these markings might be 
scars made by the impact of a swarm of 
large meteorites. This dramatic hypoth- 
esis received much attention by the 
press, and even some geologists looked 
upon it with favor. 

The present writer, who was the first 
to challenge the validity of the meteorite 
hypothesis,’ contended that the so-called 

Published by permission of the director of the 
Geological Survey, U.S. Department of the Interior. 
“ *The 


Scars?” 


2F. A. Melton and William Schriever, 
Carolina Bays’—Are They Meteorite 
Jour. Geol., Vol. XLI (1933), pp. 52-66. 

3C. W. Cooke, quoted in Science News Letter, 
Vol. XXII (1933), p. 202; “Origin of the So-called 
Meteorite Scars of South Carolina” (abst.), Jour. 
Washington Acad. Sci., Vol. XXIII (1933), pp. 569- 
70; “Discussion of the Origin of the Supposed 
Meteorite Scars of South Carolina,” Jour. Geol., 
Vol. XLIT (1934), pp. 89-96. 





meteorite scars are merely the basins of 
extinct lakes with their associated beach 
ridges. This contention is strongly af- 
firmed by Douglas Johnson, who devotes 
one hundred pages of a recent book‘ to 
disproving the meteorite hypothesis. It 
is to be hoped that the ghost of that 
hypothesis is effectually laid. 

Johnson’s book considers not only the 
elliptical bays but also countless others 
whose shape is more irregular, though 
with rounded, generally ovate outlines. 
These ovate bays, also, are lake basins, 
but their lack of bilateral symmetry and 
the deviation of the direction of their 
elongation from the northwest indicate 
that they have had a history somewhat 
different from that of the elliptical bays. 


THE EDDY HYPOTHESIS 

The elliptical shape and the peculiar 
orientation of the lake basins are still 
subjects of speculation. Cooke’ attrib- 
uted the shape to the rounding effects of 
circulating currents and waves, which 
erode salients and fill in re-entrant an- 

4 The Origin of the Carolina Bays (New York: 
Columbia University Press, 1942). 


” op. cit. 


5 “Discussion of the Origin... ., 
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gles, and suggested that the orientation 
might be that of the prevailing winds. 
Later, he came to the conclusion that the 
orientation is entirely independent of the 
direction of the wind but is determined 
by an innate tendency of rotary currents 
in the Northern Hemisphere to flow in 
ellipses whose major axes extend N. 
45° W.° He attempted to prove this gen- 
eral theorem by the method of resolution 
of the forces acting on a drop of water in 
an eddy as a result of its own rotary mo- 
tion and the rotation of the earth. 

Johnson’ questioned the validity of 
this theorem on four counts: (1) He 
doubted the existence of horizontal cur- 
rents in lakes; (2) he claimed that “the 
force appealed to, granting its existence, 
must be quantitatively incompetent in 
comparison with other factors affecting 
the development of the bays”; (3) he 
pointed out that the direction of elonga- 
tion of many bays diverges greatly from 
the theoretical orientation; and (4) he 
challenged the validity of the dynamical 
reasoning on which was based the alleged 
proof of a law of nature that neither he 
nor any of his associates had ever heard 
of. 

1. Of course Professor Johnson is fa- 
miliar with the fact that waves breaking 
on a shore commonly start a longshore 
current and that such a current is hori- 
zontal. If the lake is shallow, the current 
will extend to the bottom. Every visitor 
to the shore has seen grass bent by the 
current and submerged objects dragged 
along the bottom. Moreover, currents in 
lakes are necessarily rotary, for there 
must be a return current to replace the 
water removed. It is quite conceivable 
that the return current will follow the 

® Cooke, “Elliptical Bays in South Carolina and 
the Shape of Eddies,” Jour. Geol., Vol. XLVIII 
(1940), pp. 205-11. 


7 Op. cit., pp. 46-40. 








opposite shore, particularly if the waves 
break far out; and the longshore current 
is correspondingly wide. 

2. The intensity of the force that 
tends to cause water to rotate in an el- 
lipse has no bearing whatever on the 
quantity of work done by the current. 
The force merely directs the water par- 
ticles into specified paths. If the current 
is slow, it accomplishes little; but the 
transporting power of the current in- 
creases more rapidly than the speed. 

3. Johnson himself points out that in 
the adjoining counties in the Carolinas the 
average of the axial trends of 224 oval 
bays, grouped by counties, is N. 45° W., 
though the individual range extends 
from N. 11° W. to N. 67° W.® This large 
group includes both ovate and elliptical 
bays. Actually, by far the greater part 
of this variability resides in the ovate 
bays. The axes of nearly all the elliptical 
bays exactly bisect the cardinal direc- 
tions. The eddy hypothesis attempts to 
explain the orientation of only the el- 
liptical bays. 

4. Johnson objects to the eddy hy- 
pothesis because it is based on a law of 
nature that is newly discovered and be- 
cause the physicists whom he consulted 
were unable to follow the reasoning ad- 
duced as proof of that law. It is true that 
the theorem is an original deduction, but 
it should not be condemned for that rea- 
son. Although the published explanation 
that Johnson and his associates failed to 
understand starts with fundamentals, it 
is somewhat obscure in that it skips some 
intervening steps and jumps too rapidly 
to the conclusion. It is hoped that the 
following new demonstration, which is 
based upon the well-known properties of 
the gyroscope, will prove simple enough 
to be more readily intelligible to all 
readers. 


8 [bid., p. 165. 














SHAPE OF EDDIES 


The theorem may be stated thus: The 
orbit of a drop of liquid in an eddy is an 
ellipse of such proportions that the 
length of the minor axis, divided by that 
of the major axis, equals the sine of the 
latitude. The ellipse is so oriented that 
the axes exactly bisect the cardinal direc- 
tions; the major axis extends northwest- 
southeast, if the eddy is in the Northern 
Hemisphere, or northeast-southwest, if it 
is in the Southern Hemisphere. Here is 
the proof: 

Every particle of matter moving in a 
curved path has gyroscopic properties. 
When a gyroscope is subjected to a force 
that tends to alter the direction of its 
plane of rotation in space, its axle will 
turn about an axis at right angles to the 
axis about which the force is applied. 
This turning is called “precession.”’ The 
angular velocity of the precession is the 
same as that which the axle would have 
if the gyroscope wheel were not revolv- 
ing.? 

Let us assume a circular body of water 
to be set spinning like a wheel about a 
vertical axle. The resulting eddy has the 
properties of a gyroscope. It differs from 
an ordinary, rigid gyroscope in that it is 
confined by gravity between a horizontal 
surface and the earth on which it rests, 
and it can adjust its shape to changes in 
pressure. 

The direction of the plane of rotation 
of the eddy, like a gyroscope, tends to 
remain fixed in space while the earth ro- 
tates from west to east beneath it. This 
causes an apparent rotation from east to 
west about a north-south axis parallel to 
the axis of the earth, just as the sun ap- 
pears to move around the earth from 
east to west. The surface of the eddy 


9E. A. Sperry, “Gyroscope,” Encyclopaedia 
perry y F 


Britannica (14th ed., 1929), Vol. XI, pp. 46-49. 
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tends to tilt out of the horizontal. This 
tilting is resisted by gravity, which tends 
to turn the plane of the eddy about a 
north-south axis into horizontality. This 
force causes the plane to turn (precess) 
about the east-west diameter of the 
eddy. The precession has the same angu- 
lar velocity as the rotation of the earth. 

The plane of the eddy is now turning 
simultaneously and at the same angular 
velocity about two axes at right angles to 
each other. It is apparently turning from 
east to west about a north-south axis, 
and it is turning (precessing) about an 
east-west axis. The resultant is a turning 
about a diagonal axis that exactly bisects 
the cardinal directions. The choice of the 
quadrants to be occupied by the result- 
ant axis is determined by the inclination 
of the axis of the earth, which dips down 
toward the equator. As the plane moves 
from east to west, points on it pass into 
the northwest or southeast quadrants (of 
the projection on a horizontal plane) if 
the eddy is in the Northern Hemisphere 
or into the northeast or southwest quad- 
rants if the eddy is in the Southern 
Hemisphere. Therefore, the resultant 
axis extends northwest-southeast in the 
Northern Hemisphere or northeast- 
southwest in the Southern Hemisphere. 

As the plane apparently turns about 
an axis parallel to the axis of the earth, 
which is inclined to the horizon at an 
angle equal to the latitude, a fixed point 
on the plane describes a circle normal to 
that axis and therefore inclined to the 
zenith at an angle equal to the latitude. 
Hence, in all positions the circular cir- 
cumference of the eddy stands tilted to 
the zenith at an angle equal to the lati- 
tude and with its horizontal diameter ex- 
tending northwest-southeast, if the eddy 
is in the Northern Hemisphere, or north- 
east-southwest, if it is in the Southern 
Hemisphere. In other words, the tilted 
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circle remains stationary with respect to 
the earth. 

But the eddy, being liquid, is unable 
to maintain its surface in that tilted posi- 
tion. Each particle has an impulse to 
move in a tilted circle, but it is con- 
strained by gravity and the resistant bot- 
tom to move in a horizontal plane. Thus 
the path followed by the drop is trans- 
formed from a circle into the projection 
of that tilted circle on a horizontal plane. 
That projection is an ellipse whose major 
axis is the horizontal diameter of the 
circle and whose minor axis, divided by 
the major axis, equals the sine of the lati- 
tude. The major axis extends northwest- 
southeast, if it is in the Northern Hemi- 
sphere, or northeast-southwest, if it is in 
the Southern Hemisphere. 

Therefore, when a body of water in the 
Northern Hemisphere is set rotating, the 
circular orbit of its drops foreshortens 
along its northeast-southwest diameter 
and is transformed into an ellipse whose 
longest diameter extends N. 45° W. The 
length of its shortest diameter, divided 
by the length of its longest diameter, 
equals the sine of the latitude. 

Such an elliptical current would tend 
to impress its shape on the container. 
The current, aided by breaking waves, 
would erode the bank wherever the cur- 
rent impinged against it, and sand and 
silt would tend to accumulate in the 
slack water outside the eddy. 


ORIGIN OF THE ELLIPTICAL BAYS 


As the shape and orientation of the 
elliptical bays closely approximate the 
theoretical shape and orientation of an 
eddy at the same latitude, it seems logi- 
cal to assume that circulating currents 
had something to do with the develop- 
ment of the bays and that they im- 
pressed their shape on them. This could 
have occurred only while the bays were 





still open lakes, before they became too 
shallow or overgrown for water to cir- 
culate freely within them. 

Let us consider the effects of a rotary 
current on lakes of three general shapes, 
all in the Northern Hemisphere: (1) on a 
roughly circular shallow lake about a 
mile in diameter; (2) on a long, relatively 
narrow lake; and (3) on a large shallow 
lake having islets or shoals within it. Let 
us assume for all a plentiful supply of 
loose sand fine enough to be transported 
by waves and currents of moderate in- 
tensity. Let us further assume that 
unusually steady, persistent winds blow 
from any one quarter, possibly blowing 
for weeks at a time without interruption. 
The wind, blowing across the shallow 
water, makes waves that break on the 
beach and gently shelving bottom and 
set in motion wide longshore currents. 
What will be the effect of this current on 
each of the three lakes? 

1. The current will encircle the small 
circular lake, and the water will rotate as 
a single large eddy. The waves will stir 
up sand from the beach and bottom and 
will distribute it along the shore. The 
gyroscopic effect of the circulating cur- 
rent will cause it to hug the shore in the 
northwest and southeast quadrants, 
where it will flow fastest, and to lie 
farther offshore in the northeast and 
southwest quadrants, where it will flow 
slower. The beach will be cut away 
where the current touches it and will be 
built out where the current is more dis- 
tant. In the course of time the shore may 
become completely adjusted to the shape 
of the current, and the lake may become 
elliptical. 

2. In the long, narrow lake the current 
will not flow continuously along one side, 
around the end, and back along the other 
but will be broken by cross currents into 
two or more segments. Each segment, a 
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complete rotary current in itself, will dis- 
tribute sand according to its own pattern 
and may eventually build bars across the 
lake and divide it into separate parts 
The shaping of each part will proceed 
independently. 

3. In the large lake each shoal or islet 
will act as a breakwater along which a 
current will be set in motion. The return 
current, if the shoal is far from the shore, 
will follow an elliptical path through the 
lake, and curved bars will be built up be- 
side it. The perfection of curvature of a 
bar so built may be greater than that of 
the shores of smaller lakes, which may 
retain traces of their original shape un- 
less the process is carried to completion. 

Among the Carolina bays are repre- 
sentatives of all three of these varieties. 
There are single elliptical bays sur- 
rounded by beach ridges. There are el- 
liptical bays strung together like beads, 
giving evidence of segmentation (Fig. 1). 
There are elliptical sand rings (‘‘Nep- 
tune’s racetracks’) within larger lake 
basins. The most nearly perfect ellipses 
have the peculiar orientation demanded 
by the eddy hypothesis, and many of 
them show a close approximation to the 
ideal proportions of an eddy at the same 
latitude. 

It has already been stated that the 
average trend of the oval bays in North 
Carolina and the adjacent part of South 
Carolina is exactly that demanded by the 
eddy hypothesis, and that the variation 
from the hypothetical trend among the 
elliptical bays is very slight. It will be 
instructive to compare the proportions of 
the elliptical bays with the proportions 
of a hypothetical eddy at the same lati- 
tude, to find how closely the ratio of the 
minor axis to the major axis approaches 
the sine of the latitude. 

To do this, the greatest length and the 
greatest width of nine bays were scaled 
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off (in millimeters) on the county photo- 
graphic index maps of the Agricultural 
Adjustment Administration, the ratio of 
these measurements was calculated, and 


TABLE 1 


PROPORTIONS OF NEARLY ELLIPTICAL BAYS 


Ap Devia 

Proxi- | oo ort ie Ratio Sine of tion 

Location mate a. fe Lati- (Per- 

Axis Axis | 

Lati Axes | tude cent 

tude | age) 

I 34°31'| 28.0] 48.0] o 583| ° 567|+2 7 
2 34 44 7-5| 12.0] 625) 370| +9 6 
3 34.45 | 20.0) 35.9) 571 570|+0.2 
4 | 3441] 26.0] 45.0} .578) .569/+1.6 
5 34 22| 25.0) 47.0) .532) .564)—5.7 
6 | 34 12] 25.0) 46.0 544 562/—3.2 
7 34 24| 14.5] 25.5] 569 565|+0.7 
8 34 31 | 39.0) 63.0} 619 567\+7.4 
9 33 290| 30 o| 60.0} 500] 551|\—9 3 
10 34.05 25.0) 47.0) 545) 560|—2.7 
11 34.05] 31.0] 53.0 585 560) +4.5 
12 34 10| 37.0] 67.0) 0.552!) 0.562)/—1.8 
Mean —©.35 


LOCATION 


1. Bellamy, Robeson County, N.C. 
. Northwest of Tarheel, Bladen County, N.C. 
3. Bladen County, N.C., 73 miles south of the 
northeast corner. 
4. Eastern part of Bladen County, N.C., 103 miles 
from the northeast corner. 
. Darlington County, S.C., 6} miles east of Harts- 
ville. 
6. Darlington County, S.C., 10 miles northeast of 
the southwest corner. 
7. Marlboro County line, 12 miles west of Dillon, 
5c. 
8. Marlboro-Dillon county line, 7 miles southwest 
of the North Carolina line. 
g. Florence County, S.C., 6 miles south of Effing- 
ham. 
10. Marion County, S.C., 7 
(Johnson’s Fig. 3). 
11. Marion County, S.C., 7 miles south of Mullins 
(Johnson’s Fig. 3). 
12. Near Mullins, S.C. (Johnson’s Fig. 39). 


wm 


miles south of Mullins 


the latitude was determined by reference 
to a state map. Three bays figured by 
Johnson were used also. The results of 
these computations are presented in Ta- 
ble 1. It will be noted that the mean of 
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the ratios differs from the sine of the lati- 
tude by only 0.35 per cent, though the 
individual differences range from g 6 to 
—g.3 per cent. These variations may be 
caused in part by inaccuracies in meas- 
urement, for some of the bays appear on 





It is to be expected that elliptical ba- 
sins shaped in the manner postulated will 
vary greatly in the perfection of their 
outlines. The degree of perfection at- 
tained will depend upon the original 
shape of the basin; the length of time 





Fic. 1.—Segmented lake basins 10 miles north-northeast of Myrtle Beach, S.C. 


overlapping photographs of slightly dif- 
ferent scales and the outlines of some are 
obscure. However, considerable varia- 
tion is to be expected, for the sine of the 
latitude is only the limit to which the 
ratio should approach. Lakes in which 
the current ceased to flow before the 
shore line had become completely ad- 
justed should show greater departures 
from the theoretical proportions. 





during which the process continued; the 
size, composition, and cohesion of the 
sand on the beach and bottom; the depth 
of the water; the strength of the waves; 
the velocity of the current; and the 
strength and constancy in direction of 
the wind. It is quite conceivable that a 
shift in the wind, which would alter the 
direction of the waves, would shift the 
loci of the elliptical current, or that a 
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change in the velocity of the current or 
in the strength of the waves would result 
in multiple bars such as are common in 
the Carolina bays. 


ORIGIN OF THE LAKE BASINS 


Johnson has discussed at great length 
the origin of the lake basins now con- 
verted into the Carolina bays. In chap- 
ter ix of his book on that subject he for- 
mulates “the hypothesis of complex ori- 
gin,’ which 
supposes that artesian springs, rising through 
moving groundwater and operating in part 
by solution, produced broad shallow basins 
occupied by lakes, about the margins of which 
beach ridges were formed by wave action and 
dune ridges by wind action."° 


This ingenious hypothesis is called on to 
account for the elliptical bays as well as 
the much larger number of ovate bays, 
which vary much more in shape and di- 
rection of elongation. To the writer it 
seems most unlikely that any of the el- 
liptical bays in the Myrtle Beach area 
occupy basins formed by upwelling ar- 
tesian springs. Those basins appear to 
represent original hollows in an emerged 
sea bottom or areas whose drainage was 
blocked by marine beach ridges or fore- 
lands. Many lake basins elsewhere, how- 
ever, undoubtedly were formed by solu- 
tion. 

Although it is beyond the scope of this 
paper to consider, except in passing, the 
lake basins other than those of the el- 
liptical bays, some implications of the 
“hypothesis of complex origin’’ need dis- 
cussion. Johnson assumes” that water 
escapes from a rapidly flowing artesian 
aquifer through a leak in the cap rock, 
passes through the surficial layer of satu- 


1° OP. cit., p. 154. 


1 Tbid., p. 160, Fig. 26. 
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rated sand, and emerges as an artesian 
spring, which excavates a circular basin. 
In the course of time the upstream side 
of the aperture wears away, much as a 
rapid migrates in a surface stream, and 
the spring basin becomes oval. To the 
writer, this cause of elongation seems 
most improbable, for water escaping 
through the leak would be forced out 
under hydrostatic pressure, which should 
act with equal power on all parts of the 
aperture. The direction of elongation of 
the aperture and the corresponding elon- 
gation of the basin would depend on local 
inequalities in the friability or solubility 
of the cap rock and should be entirely in- 
dependent of the direction of flow within 
the aquifer. This should be especially 
true because the dip of the aquifer is so 
slight as to seem horizontal. 

Johnson attempts to correlate the di- 
rection of elongation of the bays with the 
direction of dip of the artesian bedrock.” 
He finds that the average direction of 
elongation in the area under discussion is 
S. 45° E., and he arrives at the conclusion 
that the dip of the rocks in this area is 
also southeastward. This, however, ap- 
pears to be contrary to the facts. The 
actual dip is probably nearly southward 
or possibly southwestward, for the top of 
the Peedee formation slopes from just be- 
low sea-level at Myrtle Beach to 500 feet 
below sea-level at Charleston, a slope of 
nearly 6 feet to the mile toward the 
southwest. In any case, no such parallel 
alignment as characterizes the elliptical 
bays could be expected to result from 
such fortuitous circumstances as are pos- 
tulated by the “hypothesis of complex 
origin.’ Moreover, the fact that the di- 
rection of elongation of the elliptical bays 
exactly bisects the cardinal directions 
demands a cause that is fundamentally 
connected with the rotation of the earth, 


'2 Thid., pp. 162-74. 











the motion that determines those direc- 
tions. 

Johnson conceives the newly emerged 
Coastal Plain as being underlain by 


numberless lenses of sands, gravels, and other 
pervious deposits alternating and interfinger- 
ing with lenses of clay and other impervi- 
ous beds..... Water entering pervious beds 
higher up the slope did not proceed far before it 
found a natural means of escape to the surface. 
.... We should picture vast stretches of the 
Coastal Plain having the surface dotted with 
literally countless springs, all boiling or foun- 
taining in greater or less degree due to the ar- 
tesian pressure of water entering the sediments 
farther up the slope."? 


This picture seems most amazing when 
one considers that the seaward slope of 
the coastal terraces in South Carolina 
averages only 2.33 feet to the mile™4 and 
that beneath the shallow terrace deposits 
lie such massive, relatively impermeable 
formations as the Peedee. One is willing 
to admit that there may have been some 
artesian springs near higher land, but to 
require them far out on the open plain 
and in such profusion strains the imagi- 
nation. 


AGE OF THE BAYS 


The lake basins in the Myrtle Beach 
area lie upon the Wicomico, Penholoway, 
and Talbot terraces, which are correlated 
by the writer's with the Sangamon inter- 
glacial stage. The lowest of these three 
terraces, the Talbot, did not emerge from 
the sea until the beginning of the 
“Towan” glacial substage of the Wiscon- 
sin, which is believed to have been the 
time during which the great deposits of 


3 Tbid., pp. 190-91. 


4 Cooke, “Geology of the Coastal Plain of South 
Carolina,” U.S. Geol. Surv. Bull. 867 (1936), p. 5. 


ts “Tentative Ages of Pleistocene Shore Lines,” 
Jour. Wash. Acad. Sci., Vol. XXV (1935), pp. 331- 


33: 
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wind-blown loess accumulated in the 
Mississippi Valley. This windy epoch is 
the earliest epoch at which the elliptical 
bays on the Talbot terrace could have 
been shaped. The hollows in the newly 
emerged sea bottom were then occupied 
by shallow lakes of various shapes and 
sizes, and the glacial winds blew unim- 
peded across them. It is these winds 
(which probably blew more continuously 
then than at any time since) that pushed 
the waves that moved the currents that 
distributed the sand and shaped it into 
the elliptical ridges surrounding the Car- 
olina bays. The process probably contin- 
ued intermittently with less intensity 
until grass took root in the lakes and im- 
peded the free movement of currents. 


WHY SIMILAR FORMS ARE NOT FOUND 
ELSEWHERE 


The argument has been advanced 
against the eddy hypothesis that, sinc 
the force appealed to operates all over 
the world, elliptical lakes should be of 
more common occurrence.’® Johnson 
himself points out’? that we do not yet 
know that they are restricted to the Car- 
olinas, for they are very inconspicuous 
from the ground and have been known 
there in quantity for only ten years 
Moreover, to produce them apparently 
requires unusual coincidences of physical 
conditions. Long-continued steady winds 
must sweep over shallow lakes whose 
banks and bottoms are easily shaped by 
waves and currents. Intermittent winds 
might not produce noticeable results, fot 
the currents produced by them might nor 
occupy quite the same location. Variable 
winds, blowing from different directions, 
would cause the waves to attack the 
banks in different places and thus might 


‘6 Johnson, op. cit., pp. 46-47. 


"7 [bid., pp. 318-10. 
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destroy the structures shaped at an ear- 
lier period. Suitable lakes are not now 
common, and the winds of today are too 
variable and inconstant to be effective. 
The weather during the early Wisconsin, 
to which the evidence points as the date 
of formation, must have been unusual. 


SUMMARY 

The elliptical bays of the Carolinas, 
which should be distinguished from 
ovate and irregular bays in the same and 
neighboring regions, have the orientation 
and approximate proportions of the the- 
oretical path followed by a rotating cur- 
rent at the same latitude. As the bays 
passed through a lake stage in the course 
of their evolution, it seems reasonable to 
suppose that the elliptical shape and the 


ELLIPTICAL BAYS 











427 


direction of elongation were impressed on 
them then by rotating currents caused 
by persistent winds. The time of their 
transformation could not have been ear- 
lier than the early Wisconsin, because 
the land they occupy did not emerge 
from the sea until then. The early Wis- 
consin is known to have been very windy, 
and it is assumed that the winds then 
were steady and long continued. 

The lake basins in the Myrtle Beach 
area are interpreted as original hollows 
in an emerged sea bottom, an interpreta- 
tion contradictory to Johnson’s hypothe- 
sis that they were produced by artesian 
springs. These elliptical bays have had a 
different history from that of many ovate 
bays elsewhere, some of which obviously 
occupy solution depressions. 















The Glacial Anticyclone and the Continental Gla- 
ciers of North America. By WILLIAM HER- 
BERT Hopss. (Proceedings of the American 
Philosophical Society, Vol. LXXXVI, No. 3 
[1943].) Pp. 35; figs. 85; maps 12. 

Earlier papers dealing with the characteris- 
tics of the ice sheets in the Arctic and Antarctic 
regions were brought out by Professor Hobbs in 
the Proceedings of the American Philosophical 
Society in 1910, 1911, and 1915. These made 
only incidental reference to the Pleistocene ice 
sheets of North America and Europe and the 
similarity of their work to that of the present 
ice sheets. This paper deals mainly with the 
Wisconsin, or last of the Pleistocene, glaciations 
of North America, that of Europe and the pre- 
Wisconsin glaciations being only incidentally 
treated. 

Attention is first directed to the great con- 
trast of summer and winter conditions on the 
western border of the Greenland ice sheet, based 
on the knowledge obtained by the University of 
Michigan expeditions to Greenland, conducted 
by Professor Hobbs. In the winter a strong anti- 
cyclonic wind coming down from the ice sheet 
forms dust storms on the outlying lands and 
etches the stones and boulders on their surface, 
changing such boulders as have notable differ- 
ences of rock resistance to recessed ventifacts. 

In summer there is not only a higher temper- 
ature to cause rapid melting on the border of the 
ice sheet but also some encroachment of the 
planetary wind circulation, which carries rela- 
tively warm winds from the west across the 
western edge of the ice sheet. As a result there 
is a flooding of the outlying land and rafting of 
boulders to some distance from the ice border. 
As winter approaches, these waters disappear, 
and the stranded rocks are blasted by the anti- 
cyclonic winds in the winter season. 

Recessed boulders on the Pleistocene drifts 
are then shown by numerous photographs to be 
strikingly similar to those formed on the border 
of the Greenland ice sheet, and the inference is 
drawn that they were given that form by the 
Pleistocene anticyclonic winds. Maps show 
their wide distribution. 

The close relation of loess distribution to the 
borders of lobes of the Wisconsin and Iowan ice 
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is emphasized. This relation had been brought 
to notice by T. C. Chamberlin in 1897, in an ar- 
ticle in the Journal of Geology. He there says: 


The second significant feature is the distribution 
of the loess along the border of the ice sheet at the 
stage now known as the Iowan... .. Next the bor- 
der of the ice sheet the loess is thick and typical but 
graduates away with increasing distance from the 
ice border. 


Calvin, in a paper published posthumously 
in 1911, offered an explanation: “By strong 
winds coming, probably, from the icefields to 
the north, which left silt from the outwash 
plain.” This statement, strongly suggesting an- 
ticyclonic wind action, was made at about the 
time that Hobbs first brought such action to 
notice. In 1922, Visher, taking definite account 
of the glacial anticyclone, brought out in the 
Journal of Geology a similar conclusion as to the 
origin of the loess. 

Attention is directed to the manner in which 
the present wind circulation is changing the dis- 
tribution of the loess. Thus loess which had 
been carried westward from the Des Moines and 
James River (or Dakota) lobes by anticyclonic 
winds is now being shifted eastward by the pre- 
vailing westerlies. There is thus a decreasing 
coarseness of the loess in passing from west to 
east, as noted by Alway in Soil Science in 1916. 
So, also, is the thicker loess found on the east 
bluffs of the main streams—the Mississippi, 
Missouri, Illinois, and Wabash rivers. The re- 
viewer is of the opinion that the sand-hill areas 
in Nebraska shown in Map 2 lie outside the in- 
fluence of the anticyclonic winds from the 
James River lobe and, instead, are referable to 
the prevailing westerlies. It also seems prob- 
able that the loess areas south of the sand hills 
are from the same source and that the anticy- 
clonic winds did not carry loess far into Ne- 
braska and Kansas. 

Reference is made to an important discussion 
by André Cailleux, published in the Bulletin of 
the Geographical Society of France in 1938, in 
which he states that the sands of periglacial 
areas show windwork instead of water wear in 
the form of the grains. Cailleux and others have 
called attention to faceted ventifacts, noted 
over wide areas in Europe. 
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The area of alimentation of the Greenland 
ice sheet is shown on a map, together with routes 
of Koch and De Quervain across it; also profiles 
showing temperatures in this area, compared 
with temperatures near the east and west bor- 
ders of the Greenland ice sheet. The alimenta- 
tion area is one of calms and shifting light 


winds, characterized by subzero air tempera-: 


tures, which even in midsummer are —30° C., 
and lower. The redistribution of snow from the 
central alimentation area is made by the “cen- 
trifugal broom of the glacial anticyclone.’’ The 
vast quantities of snow carried out to the gla- 
cier margin by this process have been noted by 
all the experienced explorers on the Antarctic as 
well as the Greenland ice sheet. The point is 
also made that this is a receding cycle of glacia- 
tion, in which the ice sheets are being di- 
minished. 

The Pleistocene North American ice sheets 
had, in the central and western sections, a front 
diversified by lobes, of which there is no com- 
parable parallel in the existing ice sheets. In 
Greenland the ice is contained to a large extent 
behind ramparts of mountains, and the Antarc- 
tic has no periglacial area. There is, however, 
some approach to a lobate form in Adelie Land, 
in the Antarctic, as indicated in Map 4 of the 
paper. From central Ohio eastward the Labra- 
dorean glacier was nonlobate. In Map 12 a se- 
ries of successive positions of the ice border is 
set forth. The rapid liquidation of ice in New 
England suggests a relatively weak anticyclone 
in this final stage. But the winds were still vig- 
orous when the ice front was on Long Island, as 
attested by the ventifacts in exceptional num- 
ber. 

The wide spacing between the recessional 
moraines in long lobes such as the Scioto, the 
Des Moines, and the James River, is taken to 
indicate very rapid melting of the lobes, per- 
haps due in part to encroachment of planetary 
winds, in the summer season, as in Greenland. 
The dominance of the anticyclone is greatest at 
the culminating stage of a glacial advance. It is 
less in the lower latitudes, other things being 
equal. 

This paper gives the most discriminating 
analysis of the part played by anticyclonic winds 
yet attempted, especially in its treatment of the 
attacks or encroachments by the planetary 
winds on the anticyclonic wind movements in 
the summer season and in low latitudes. It 
serves to show why the west sides of the glacial 
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lobes have been more active than the east sides, 
conspicuous instances of which are found in the 
Illinoian Scioto lobe and the Iowan lobe. Both 
of these have so scant a drift on their east sides 
that its limits are difficult to determine, but 
their west sides exhibit a definite outer mo- 
raine. The main ice sheet also shows a remark- 
able westward expansion in the Illinoian as well 
as the Wisconsin stage. 

A diagram is presented to show the probable 
variations in solar radiation throughout the 
Pleistocene age. A second diagram shows the 
climatic alternations in the receding hemicycle 
of the Wisconsin glaciation. It is thought that 
these changes register the varying degrees of 
dominance of the glacial anticyclone over the 
planetary system of winds. The distances sepa- 
rating moraines in a recessional series give a 
measure of the reconquest of the glacial anti- 
cyclone by planetary winds. The shorter the in- 
termorainal distance, the greater the relative 
importance of the anticyclone. As shown by 
Map 7 the glacial anticyclone clearly dominated 
in the Middle Wisconsin for the latitude of 
southern Wisconsin and southern Michigan 
(41°30’-43°30’), where successive moraines are 
closely packed. The view is advanced that the 
“Towan drift” formation is largely an outwash 
from the Late Wisconsin—Des Moines lobe. 
This lobe is interpreted to have pushed out 
southward athwart the tracks of the low-pres- 
sure areas of the planetary wind system so as to 
be completely covered by the cyclonic circula- 
tion, where it melted with exceptional rapidity. 
Its waters are assumed to have spread widely 
eastward, carrying boulders and other drift ma- 
terial to form a conspicuous pebble band on the 
surface of the underlying drift. That this con- 
stitutes a main feature of the Iowan drift forma- 
tion is an erroneous view, there being a general 
deposit of post-Kansan till present. The Iowan 
ice appears to have become a sheet of stagnant 
or dead ice soon after it had reached its full 
limits, as it has few, if any, definite recessional 
moraines. It has, however, prominent chains of 
kames, especially in the Minnesota portion, 
that radiate toward its border. There is also, in 
Wabasha County, Minnesota, a definite termi- 
nal moraine. It is regrettable that these fea- 
tures were not given attention by Professor 
Hobbs, for the view he presents is plainly out 
of harmony with them. It seems to be the chief 
questionable matter in a paper of great value. 


FRANK LEVERETT 
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South African Scenery: A Textbook of Geomor- 
phology. By L. C. Kinc. Edinburgh: Oliver 

& Boyd, Ltd., 1942. Pp. xxiv+ 340; figs. 307. 

25s. net. 

The title tells the story; primarily this work 
is a very readable textbook on geomorphology 
for use in South Africa, but the author has sup- 
plemented the usual textbook sequence of proc- 
esses and principles with illustrative examples, 
by adding chapters which portray and interpret 
the regional geomorphology of South Africa in 
able fashion. The latter discussions, in particu- 
lar, provide valuable reference material for geol- 
ogists in other parts of the world, but geologists 
will also pick up many useful points throughout 
the volume. 

Except for some phases of glaciation and 
volcanism to which New Zealand makes con- 
tributions, the treatment is almost wholly Afri- 
can. Many readers will doubtless find it re- 
freshing to get away from the more familiar 
Northern Hemisphere and peruse a text de- 
veloped from the geology of the southern half 
of the great African continent. No single con- 
tinent displays all aspects of geology to best 
advantage, and Africa leads in not a few. 
Among other features, the vast elevated pene- 
plains of the Rhodesias, Tanganyika, and neigh- 
boring regions, and the long lines of rift valleys 
can easily set standards for the whole globe. 

As the climate of large parts of South Africa 
is dry, this volume contributes considerably to 
the understanding of physiographic processes 
and their results in semiarid and arid regions. 
Characteristic of the African old-age landscape 
are numbers of small, isolated mountains called 
inselberge, which rise abruptly from surround- 
ing pediments, but whose precise origin does 
not yet seem to be wholly clear. A useful land- 
form term is “matopos,” derived apparently 
from the Matopo Hills in Southern Rhodesia, 
noted for the “world view” and the grave of 
Cecil Rhodes. These are rounded, ‘“whale- 
backed granite hills” fashioned by exfoliation. 
In a different line the author states that the 
Pleistocene sand of the Kalahari Desert is 
typically of a deep-red color. This is the first 
time the reviewer has encountered an instance 
of a red desert whose redness is attributed di- 
rectly to desert conditions. The color of present 
deserts is of special interest for its bearing on 
the problem of Permian and Triassic red beds, 
which so commonly have been taken to indicate 
arid climate. But, as these Kalahari red sands 
are termed Pleistocene, perhaps one may still 
wonder whether they might have acquired their 
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color when the local rainfall was more plentiful 
than at present. 

Re-exposure of fossil topography is an in, 
triguing subject which is here given extensiv 
treatment because portions of various old ero- 
sion surfaces and features related to them are 
still very apparent in the present landscape. 
Quite prominent are the sub-Karroo surface, 
Jurassic peneplain, the great Miocene peneplain, 
and the pre-Kalahari surface. The interrela-- 
tions and combinations of these are very inter- 
esting. Africa has long been a comparatively 
stable continent where recorded erosion cycles 
have several times reached advanced old age. 

The author has skilfully blended a geomor- 
phology text with a concise but adequate 
portrayal of the regional geomorphology. The 
illustrations are excellent and have the fresh- 
ness of being different. 

RK. T..C. 


Geology in the Museum. By F. J. Nortu, C. F. 
Davipson, and W. E. Swinton. London; 
Oxford University Press, 1941. Pp. viii+-97; 
figs. 13; pls. 6. $1.50. 

This little handbook is a valuable contribu- 
tion to the literature on museum techniques for 
handling geologic exhibits. Based upon the ex- 
perience of some of the most important muse- 
ums of Great Britain (and the authors are amply 
qualified to speak for them), this volume out 
lines procedures and techniques for the guidance 
of curators and preparateurs in both large 
and small museums. General directions are 
given for collecting, shipping, preparing, and 
exhibiting of specimens. These directions are 
concise and simple, with illustrations and dia- 
grams where needed. A short description of a 
common method of making relief models is 
also given. 

The reasons underlying many of the points 
of technique are well expressed and add much 
to the value of the book. Each of the three 
sections into which the book is divided is 
accompanied by a short and, on the whole, 
well-selected list of references. Many of the 
works referred to will not be readily accessible 
to the curators of most American museums, but 
good substitutes having special local applica- 
bility can be readily found in comparable pub- 
lications of the national and state geological 
surveys. Likewise, curators in most American 
museums will find domestic substitutes for 
many of the supplies mentioned in the hand- 
book. 

MICHAEL S. CHAPPARS 





























Among the articles to appear in early numbers 


of The Journal of Geology are the following: 


Marine Topography of the Cape May Formation. By Paut MAcCLINTOCK. 

Effect of Sedimentation on Floods in the Kickapoo Valley, Wisconsin. By 
STAFFORD C. Happ 

Nourishment of the Greenland Continental Glacier. By W1LL1AM HERBERT 
Hoss 

Recent Deposits of Vesiculated Mud along Suothwestern Ohio Streams. By 
Rosert H. GrifFiIn and RoBERT E. SHANKLIN 

Early Ordovician Strata along Fox River in Northern Illinois. By H. B. 
WILLMAN and J. NoRMAN PAYNE 

The System NaAlSi0O,-CaSiO;-Na,SiO,. By JosEPH SPIVAK. 


Environmental Significance of a Small Deposit in the Texas Permian. By 
WitiAM F. READ 
































THE JOURNAL of GEOGRAPHY 


Official Organ of the National Council of Geography Teachers 
Edited by Groner J. Mruumr, State Teachers College, Mankato, Minnesota 


This magazine, monthly for the school year, is devoted to the constant improvement in the 
teaching of geography. Every teacher of this subject will find aid both as to content and method. 


CONTENTS OF A TYPICAL ISSUE 


Activity in Northwest Canada - - - - = = = = = = + Trevor Lioyp 


Morse’s School Geographies: An Eighteenth-Century Science Textbook Series Used at the Junior- 
High-School Level - - - - - = = = = = + Hepur Exvior Rumaie 


The Ozark Region of Missouri - - - - - - M.H.Ssearer and Raps S. Harris 
Activities of the National Council of Geography Teachers - -  - = Tomas F. Barton 
Editorial Notes and News 
Geographical Publications 

Membership in the National Council of Geography Teachers includes subscription to the 


Journal of Geography. Annual dues $2.50. 
Subscription price $2.75 to those who are not eligible to membership in the National Council 


of Geography Teachers. 
Published by 


A.J. NYSTROM & CO. 


3333 ELSTON AVENUE CHICAGO, ILLINOIS 
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Aerial Photographs 


AND. THEIR APPLICATIONS 
By 
H. T. U. SMITH 


Assistant Professor of Geology, University of Kansas 


HIS is a practical, profusely illustrated text that provides a working knowledge of the 

simpler methods of making maps from aerial photographs and places greatest empha- 
sis on the interpretation and use of aerial photographs, with special reference to the needs 
of the geologist, geographer, engineer and military scientist. Contrary to other. books in 
its field Smith’s Aerial Photographs and Their Applications deals with map-making as a 
means to an end, rather than as an end in itself, and stresses the details of practical pro- 
cedure instead of discoursing on confusing theoretical matters. A special feature of the 
book is its wealth of illustrations, a large percentage of which are arranged for stereo- 
scopic examination, and the great majority of which have never before been published. 


372 pages, with over 150 illustrations, $3.75 


D. APPLETON-CENTURY COMPANY 
35 West 32nd Street New York 1, N.Y. 














FIJI: Little India of the Pacific 


By JOHN WESLEY COULTER 


“Colonel Coulter is highly qualified to furnish an authentic, well arranged account 
of his investigations in Fiji.— The Military Engineer. 

“Colonel Coulter, formerly the head of the Geography Department in the Univer- 
sity of Hawaii, has written an admirable little book which should be of considerable 
interest to the students of the problems of Indians abroad and the problems of the 
Pacific.” —Pacific Affairs. 


‘*.. .. for the person who wants to know about Fiji this is a handy survey, from 
first-hand acquaintance, of the people, geography, and political and economic con- 
ditions of a very centrally located spot on our route to the Southwest Pacific. Fully 
provided with graphs, tables, maps, and charts.” — The Nation. 


“.. .. the result of field work carried out in Fiji and India. It gives valuable, and 
easily assimilated, information on the geography and the economic and political 
conditions of Fiji, a fair background of its history, land policy and, in particular, it 
discusses fully the Fijian and Indian problems of the past, the present, and the fu- 
ture.” — Pacific Islands Monthly. $2.00 
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